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PREFACE 


In the summer of 1932 the author was invited by Professor W. Lloyd 
Evans, Chairman of the Department of Chemistry, Ohio State Uni- 
versity, Columbus, Ohio, to give a series of lectures on quantum me- 
chanics. For the opportunity thus afforded him for study of this 
subject in a university atmosphere the author wishes to express his 
gratitude to Professor Evans. 

The notes prepared for these lectures were subsequently published 
as a serial in the Journal of Chemical Education (May 1935 to August 
1936, inclusive). To the editor, Dr. Otto Reinmuth, the author is in- 
debted for many helpful suggestions with regard to method of presen- 
tation and contents. 

Since no reprints of the series were made available it was suggested 
that the contents be revised for publication in book form. As stated 
in the first chapter, the writer^s aim has been to present the subject in 
such a manner that its essential concepts and logic may be readily compre- 
hended by those who have not had any intensive training in mathe- 
matics beyond calculus. For this reason there has been presented in 
a number of cases a great deal more detail of the mathematical develop- 
ment than would seem necessary to those readers who are familiar with 
more advanced branches of mathematics. 

The author lays no claim to being an expert in the field of quantum 
mechanics. But, like many other workers in science, he has felt a strong 
desire to learn something about its technic and applications. This 
volume may therefore be regarded in a sense as a series of notes which 
have served to clarify, at least to his own satisfaction, some of the diffi- 
culties which he, together with probably a considerable number of other 
students, has encountered in attempting to understand the subject. 
Should the contents of this volume prove of any assistance to others in 
enabling them to proceed with the study of more advanced treatises, 
he will feel amply rewarded for a task which has indeed been a source of 
intellectual pleasure. 

He also wishes to take this opportunity of expressing his appreciation 
of the sympathetic support of Dr. W. D. Coolidge, the Director of the 
Research Laboratory of the General Electric Company, in a task which 
could scarcely have been carried through without it. 
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PREFACE 


To Dr. Frederick Seitz of this Laboratory the author is deeply grateful 
both for helpful discussion and clarification of diflBlcult topics and for 
reading a considerable part of the galley proof. 

Finally the author wishes to express his indebtedness to Miss Elizabeth 
Gage for invaluable assistance in the typing of the manuscript and in the 
even more tedious task of proof-reading. 


Saul Dushman. 

Research Laboratory 
General Electric Company 
Schenectady^ New York 
October 7, 1937, 
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THE ELEMENTS OF 
QUANTUM MECHANICS 


CHAPTER I 

QUANTUM PHENOMENA 

1.1 Introductory Remarks. A little over a third of a century has 
passed since Lord Kelvin, in an address before the British Association, 
pointed out that there were apparently two clouds upon the scientific 
horizon. One of these was represented by the experiment of Michel- 
son and Morley; the other involved the failure of classical theory in 
accounting for the observations on the energy distribution in the radia- 
tion emitted by a black body. The first difficulty led Einstein to formu- 
late his special theory of relativity, and, subsequently, a more generalized 
form of the theory which involved a radical interpretation of the force 
of gravity. The second difficulty led Planck to formulate a theory of 
energy quanta which, through the work of Einstein, A. H. Compton, 
N. Bohr, and others, has led to a corpuscular theory of the interaction of 
matter and radiation. This quantum theory entered upon a second 
phase in 1926 with the discovery of the undulatory nature of corpuscular 
motion, and, through the theoretical investigations of Heisenberg, 
Schroedinger, and Dirac, there has been developed a totally new point of 
view on the nature and behavior of electrons, atoms, and molecules. 

The system of concepts and mathematical technic originated by these 
investigators, together with the applications of these new methods to 
physical and chemical problems, constitute what has been designated 
as the new Quantum Mechanics. 

Although a more comprehensive discussion of this theory requires a 
considerable knowledge of mathematical technic with which most 
chemists and many physicists are not familiar, the writer believes that 
the essential features of the new point of view may be presented without 
recourse to such highly intricate mathematical methods. It is possible 
to obtain an understanding of the “ physical ” ideas by the aid of com- 
paratively simple mathematics. Furthermore, it is not necessary to 
follow the same methods of presentation of these ideas that were used 
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at the beginning by the pioneers in this field. This avoids the introduc- 
tion of concepts which are both difficult to grasp and probably unes- 
sential, at least in the initial stages, for a comprehension of some of the 
basic principles and deductions. Professor E. T. BelP has spoken of the 

metaphors of quantum physics,'^ and if we regard the mathematics 
of the new quantum theory as merely a symbolic language for the 
interpretation of physical phenomena, and not as a representation 
of the actual processes involved, then we shall find that a great 
deal of the apparent mystery disappears. 

After all, it is essential to realize that quantum mechanics is merely the 
most convenient type of language which has been evolved, so far, for the 
representation of a large number of observations in physical science 
which have accumulated during the past three decades. It is a language 
in which there is a one-to-one correspondence between certain symbols 
and certain observations, and the mathematical technic constitutes the 
most logical method for deriving from these observations such conclusions 
as may be subjected to further experimental tests. 

Consequently, it is essential that we should first consider carefully the 
actual observations which have led to the new point of view. The 
relationship that should exist between observations and their inter- 
pretation is one that has not always been clearly defined. It is com- 
paratively easy to confuse the shadow with the substance, and what is 
often intended by the theoretical physicist as a working analogy is 
assumed by others to be an actual physical model of the new phenomena. 

Some twenty years ago, H. Poincar<5, one of the greatest mathematicians 
of that period, stated his opinions on this point in a work entitled 
“ Science and Hypothesis.” ‘‘ Experiment,” he wrote, “ is the sole 
source of truth. It alone can teach us anything new; it alone can give 
us certainty. But to observe is not enough. . . . The scientist must set 
in order. Science is built up with facts, as a house is with stones. But 
a collection of facts is no more a science than a heap of stones is a house.” 

The scientist attempts to generalize from these observations, and 
thus sets up a theory so that he may be able to predict the results of 
new experiments. As has been stated in an address by I. Langmuir,^ 

Our theories consist fundamentally in the setting up of a model which has properties 
analogous to the phenomena which we have observed. For example, Bohr, taking 
into consideration certain properties of hydrogen atoms, proposed a model for these 
atoms which consisted of an electron revolving in an orbit about a nucleus. The 
energy changes that would take place in this model, according to calculation, were 
found to be identical with those that were observed for hydrogen atoms. The 
theory was thus useful and served to explain the properties of hydrogen. 

1 E. T. Bell, Sci. Monthly, 32 , 193-209 (Mar., 1931). 

^ 1. Langmuir, Gen, Elec. Rev., 37 , 312 (1934). 
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Since any such model is an abstraction formedfor a definite purpose, it is necessarily 
incomplete and therefore the model must never be confused with the physical phenom- 
ena which it represents. We should therefore never ask whether the model repre- 
sents reality. It is sufficient to say that in certain respects it corresponds to reality. 
For example, although the equations which Bohr derived from a consideration of Ids 
model are still valid, we have today quite other explanations of the behavior of 
these atoms. The original Bohr model has lost its usefulness. 

Even the atomic theory of matter, which is so universally accepted today, consists 
essentially in the setting up of a model, in which chemical compounds are conceived 
of as being made up of definite arrangements of atoms, to which we assign suitable 
properties. . . . 

Most of the laws of physics are stated in mathematical terms. But a mathematical 
equation itself is nothing more than a kind of model. We establish, or assume, a 
correspondence between observable quantities and the s3rmbols of an equation, and 
then, after a mathematical transformation, obtain a new relation or equation. If 
we can establish a similar correspondence between the symbols of the new equation 
and observational data obtained after an experiment has been performed, we have 
demonstrated the power of the mathematical theory to predict events. It thus 
becomes a useful theory. 

Above all, it is necessary to realize that analogies and models are 
always limited in their scope, and conclusions, based on their use, must 
be tested constantly by further experiment. 

In his book, The Logic of Modern Physics, P. W. Bridgman has 
emphasized one guiding principle in the formation of the concepts for 
describing any new observations. ‘‘ The concept, he states, should 
be synonymous with the corresponding set of operations.^^ He illustrates 
this statement by applying it to the physical concept length, and to the 
philosophical concept absolute time,’’ and then makes the following 
statement: 

It is evident that if we adopt this point of view toward concepts, namely that the 
proper definition of a concept is not in terms of its properties but in terms of actual 
operations, we need run no danger of having to revise our attitude toward nature. 
For if experience is always described in terms of experience, there must always be a 
correspondence between experience and our description of it, and we need never be 
embarrassed, as we were in attempting to find in nature the prototype of Newton's 
absolute time. Furthermore, if we remember that the operations to which a physical 
concept are equivalent are actual physical operations, the concepts can be defined 
only in the range of actual experiment, and are undefined and meaningless in regions 
as yet untouched by experiment. It follows that strictly speaking we cannot make 
statements at all about regions as yet imtouched, and that when we do make such 
statements, as we inevitably shall, we are making a conventionalized extrapolation, 
of the looseness of which we must be fully conscious, and the justification of which is 
in the experiment of the future. 

Thus, in order to understand the function of our present theories on 
the structure and behavior of atomic and molecular systems and of 
electrons, it is essential to consider, first of all, the fundamental experi- 
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mental observations upon which these theories are based. Obviously 
it is possible^ in such a discussion as the following, to mention only those 
facts which are both the most important and most readily understood. 
Furthermore, it is not at all necessary in presenting these observations 
to adhere to a historical sequence. It is much more essential to arrange 
these facts in order of increasing deviation from what might have been 
predicted on the basis of classical physics. 

1.2 Energy States of Atomic Systems.^ The atomic and molecular 
theories were found to be useful in the interpretation of chemical phenom- 
ena, and their utility was extended by the development of the kinetic 
theory of gases. Toward the end of the nineteenth century came the 
discovery of the electron, of X-rays, and of radioactive phenomena. 
While previous theories had led to the possibility of estimating the 
concentration and size of atoms or molecules, the new observations led 
to the conclusion that the atom itself is a complicated structure composed 
of electrons and positive charges. But it was not until about 1911 that 
a first really successful theory of atomic structure was suggested by 
Rutherford, and the subsequent investigation on X-ray spectra by 
Moseley, as well as those on isotopes by Aston, led to a new under- 
standing of the periodic arrangement of the elements. 

The model of an atom, consisting of a positively charged nucleus 
surrounded by one or more electrons, represented a significant departure 
from prevalent views in physics, since, on the basis of these views, such 
an atom must be inherently unstable. Nevertheless, it was only by 
means of this theory that the facts of radioactive disintegration and 
the observations on the scattering of alpha particles could be interpreted 
satisfactorily. The next problems to be investigated were manifestly 
those of electron configurations within the atoms themselves and of 
chemical combination between atoms. 

The theory of the origin of spectral lines first suggested by N. Bohr 
in 1913 started new lines of investigations in the applications of quantum 
theory to atomic structure problems. One of the most striking of these 
early experiments was that carried out by J. Franck and G. Hertz in 
1915. They showed that, when electrons are allowed to collide with 
atoms, there is a transfer of energy to the atoms only at certain critical 
values of the energy of the electron. If we designate the mass, charge, 
and velocity of the electron by /x, e, and v, respectively, the relation be- 
tween the kinetic energy of the electron and the potential difference V 
through which it is accelerated, is given by 

= Fe. 

^ See references to collateral reading at the end of the chapter. 


( 1 ) 
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Franck and Hertz found that this kinetic energy could be transferred 
completely to an atom only at certain critical values of F (critical 
potentials), thus indicating that for each type of atom there exists a 
certain series of discrete energy states. For collisions of atoms with 
electrons having an energy less than the lowest of these critical values 
(which we shall designate by Fr), the laws of elastic collisions apply, 
while for energies above the value F,,* the electron loses only that 
amount of energy which corresponds to the next higher critical value. 

A second observation, made by Eldridge in America and also by 
Franck and Hertz, was that an atom in the state corresponding to F, 
is able to emit a monochromatic radiation of which the frequency v is 
proportional to F, in accordance with the relation 

hv = Vre, (2) 

where h is Planck’s constant. It was also observed by these investigators 
and others that the frequency of any line, in the spectrum of an atomic 
system, could always be represented by a similar relation of the form 

hv = (Fi - F 2 )e, (3) 

where Fi and Fa denote the energy values in volts corresponding to two 
different critical states of the atom as determined by bombardment with 
electrons. 

Figure 1 illustrates these observations in the case of collisions between 
electrons and sodium atoms. As long as the energy of the electron is 
less than 2.10 volts, the collisions are perfectly elastic, and, in accordance 
with the laws of ordinary mechanics (applied to the collision between 
two particles), the electron loses only an insignificantly small fraction 
of its energy, namely, 2y./M, where M = mass of atom. (In the case 
of sodiiun, 2y/M = 4.8 X 10~®.) At 2.10 volts, or a slightly higher 
kinetic energy of the electron, an inelastic collision occurs. 

The electron transfers a fraction of its energy, corresponding to 2.10 
volts, to the sodium atom and imder suitable conditions it will be ob- 
served that the vapor emits the two D lines of sodium of wave lengths 5890 
and 5896. In other words, the 2.10 volts kinetic energy of the electron 
is used in exciting the sodium to the first excited state, which, as is shown 
in Fig. 1, is designated spectroscopically as 3P, and when the excited 
atom returns to the normal state, the radiation corresponding to the 
D lines is emitted. (Actually the 3P state consists of two states of 
slightly different energy contents — hence the emission of two lines of 
nearly the same wave length.) 

* The energy value is, of course, Vfe; but it is customary to designate energy values 
in terms of electron volts, that is, the value of F as defined by equation (1). See 
Appendix II for values of universal constants and conversion factors. 
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As the electron energy is increased beyond 2.10 volts and maintained 
below 3.18 volts, any inelastic collision between an electron and a sodium 
atom results in the transfer to the latter of only 2.10 volts energy, while 
the excess over this value is retained by the electron as kinetic energy. 
At 3.18 volts, the electron can excite a sodium atom to the 4S state, and 



from this state the only transition which can occur is that to the 3P state, 
with the accompanying emission of the infra-red lines XI 1,382 and 
Ml, 404. (Transitions can occur only between S and P states, and P 
and D states, but not between states designated by similar letters.) 

Thus, as the kinetic energy of the electron is increased, it becomes 
possible to excite the sodium atom to successively higher energy states 
(or “ levels ”)» and the spectrum changes from a narrow doublet, 
observed when V is below 3.18 volts, to one consisting of an increasing 
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number of lines, until finally, when V becomes equal to or exceeds 5.12 
volts, oM the lines in the arc spectrum of sodium appear. Observation 
shows that, at this latter voltage, ionization occurs, with formation of 
Na"*" and an electron. 

Even before the advent of the Bohr theory, spectroscopists had 
recognized that in some of the simpler spectra at least (such as those of 
H, the alkali metals, etc.), it is possible to represent the frequency v of 
any line in the form 



where K is a universal constant (the Rydberg constant) and a is a 
constant for a given series of lines, while m increases by integral values 
with increase in v for the different members of the series. In terms of 
the Bohr theory, the values R/a^ and R/m^ correspond to “ energy 
levels,” and in Fig. 1 a number of such energy levels are shown together 
with the spectral lines from which the energy levels have been deduced. 
Instead of designating the values of these levels in terms of the frequency, 
spectroscopists have used the wave numbers v = v/c, where c = velocity 
of light. Thus, the wave length of any line is given in terms of the 
wave numbers of the corresponding levels by the relation 


- = - ?2 (cm. ‘), 


(5) 


where Pi is the wave number of the lower and ?2 that of the upper level, 
between which the transition occurs. In Fig. 1, the wave numbers of 
the different levels have been indicated, and it will also be observed that 
each column corresponds to energy levels belonging to the same spectral 
series. From the difference in wave numbers AP for any two levels, the 
corresponding electron volts may be derived by the relation 


V = 


AP 

8106* 


( 6 ) 


1.3 Resonance Radiation. While the first excited state of the sodium 
atom may be obtained by impact of a sodium atom with an electron 
having an energy greater than 2.10 volts, the same result may also be 
obtained by allowing the D lines from a sodium-vapor lamp to strike a 
heated bulb containing sodium vapor at low pressure and no electrodes 
whatever. The sodium atoms absorb the radiations X5890 and \6896, 
and thus become excited. On returning spontaneously to the normal 
state, the same wave lengths are reemitted and the bulb containing the 
vapor glows with a faint yellow color. The analogy with resonance 
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phenomena in other fields of physics has led to the designation of this 
radiation as of the resonance type, and the value 2,10 volts required to 
excite sodium to the state at which it will emit this resonance radiation is 
therefore known as the first resonance potential. 

By noting the voltages at which electrons lose kinetic energy by 
inelastic collisions with the atoms, and also by observing the wave 
lengths of the resonance radiation, it has been found possible to deter- 
mine eneigy-level diagrams for most of the elements, not only in their 
normal states, but also at different stages of ionization. The importance, 
however, of all these observations from the point of view of the quantum 
theory is that they lead to two conclusions, which, as a matter of fact, 
were stated by Bohr in his original paper in the form of the following two 
postulates: 

A. An atomic system can, and can only, exist permanently in a certain series of 
states corresponding to a discontinuous series of values for its energy, and conse- 
quently any change in the energy of the system, including emission and absorption of 
electromagnetic radiation, must take place by a complete transition between two 
such states. These states will be denoted as the “stationary states” of the system. 

B. The radiation absorbed or emitted during a transition between two stationary 
states is monochromatic and possesses a frequency », given by the relation [analogous 
to (3)1 

(7) 

where En and Em are the energies of the two different states. 

These observations thus indicate that in the interaction of matter and 
radiation the magnitude of the energy interchange is measured in terms 
of a unit, or quantum as it has been designated, which is proportional to 
the frequency v. That this involves an atomistic view of the nature of 
radiant energy is deduced from another series of investigations, vie., 
those on the photoelectric and inverse photoelectric effect and on the 
Compton effect. 

1.4 Photoelectric Effect. In the emission of electrons from metals by 
the incidence of radiation, it has been observed that the energy of the 
emitted electrons is proportional to the frequency of the radiation, and 
not to the intensity. If we let W denote the work required to pass the 
electron through the surface, then, according to Einstein, the maximum 
energy of the emitted electron is given by the relation 

^M^ = hv- W, (8a) 

where v is the frequency of the radiation used. The velocity of the 
electrons is measured, in general, by the magnitude of the retarding 
potential voltage V required to decrease the velocity to zero, in ac- 
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cordance with equation (1). Consequently, (8o) may be written in 
the more usual form 

Ve=^hv-W 

— hv — hvo, (86) 

where vq * W/h is the minimum frequency which causes photoelectric 
emission from the given surface and is therefore known as the “ photo- 
electric threshold.” 

Equation (86) thus leads to the conception that the electron takes 
up a quantum of incident radiation, of magnitude hv, and uses it partly 
in passing through the surface, and partly in the form of acquired kinetic 
energy. Such a relation is inconsistent with any theory of spreading 
wave fronts of light. A single atom on the emitting surface is apparently 
able to concentrate the radiant energy incident on an area a million or 
more times greater than the atomic cross section, into a single imit (or 
quantum) and then utilizes this energy to eject an electron. 

Similar observations have been made on the ionization of atoms by 
X-rays. Apparently the X-rays are capable of passing over billions of 
molecules without losing any energy, and then, by accident as it were, 
one molecule absorbs the energy of a whole train of X-ray waves with 
the resulting ejection of an electron (which constitutes the process of 
ionization). Furthermore, in this case also we find that the relation 
between frequency of X-ray radiation and velocity of emitted electrons 
is given by Einstein’s relation, equation (8a). 

The inverse photoelectric effect is another illustration of the applica- 
tion of the same relation. If a stream of electrons is directed against 
any solid, as in an X-ray tube, the maximum frequency of the radia- 
tion emitted increases linearly with the voltage in accordance with 
equation (86). 

These observations on the relation between radiant energy and kinetic 
energy of electrons are quite in disagreement with predictions based 
on the undulatory theory of light. “ The effects,” as Sir William Bragg 
has pointed out, “ are as if the energy were conveyed from place to place 
in entities, such as Newton’s old corpuscular theory of light provides.” 
In other words, whereas the observations on interference and diffraction 
lead quite logically to a wave theory of light, the quantum phenomena 
discussed in the previous paragraphs can be interpreted only in terms 
of a corpuscular theory; that is to say that, in the interaction of radia- 
tion with electrons, the former behaves as if it were constituted of light 
units, or photons, as they have been designated. On this point of view 
we assume that these photons are guided by the electromagnetic waves 
and that what is distributed uniformly along the wave front is not the 
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energy but rather the probability of occurrence of a photon. For light 
waves of such intensity that the area covered by a million atoms is re- 
ceiving one quantum of energy per unit time, there is a probability of 
one in a million that any one atom will be bombarded in that interval 
by a photon, with the resultant ejection of an electron. 

1.6 The Compton Effect This corpuscular conception of the nature 
of radiant energy was utilized by A. H. Compton in 1923 to interpret 
some very significant observations on the scattering of X-rays by solid 
bodies. 

When X-rays impinge on matter, secondary rays of slightly longer 
wave length, that is, of lower frequency, are produced. This result is 
distinctly different from that observed for ordinary or visible light and 
could not be imderstood on the basis of any classical wave theory. 
However, A. H. Compton suggested an interpretation based on the 
corpuscular theory of light which has met with signal success. 

If the incident X-rays of frequency v be considered as a stream of light 
particles or photons, then each photon carries an amount of energy 
E — hv, and possesses a momentum P, which, in accordance with the 
observations on light pressure, is given by the relation P - hv/c, where 
c is the velocity of light. When a photon collides with a free or loosely 
boimd electron, there occurs an interchange of both energy and momen- 



Fio. 2. Illustrating the theory of the 
Compton effect. 


turn in accordance mth the laws of 
elastic collision for particles. Con- 
sequently, the photon suffers a re- 
coil in one direction with loss of 
momentum and decrease in energy, 
while the electron moves off in 
another direction with added mo- 
mentum and increased kinetic en- 
ergy. Such a collision is illustrated 
in Fig. 2, where 0 is the angle be- 
tween the direction of the incident 
and that of the scattered photon. 
Now the interesting point is that, 
while the distribtdion of values of 9 


is governed by a law of prcbcdnlity, the relation between decrease in fre- 
quency of the photon and the value of 9 for any individual collision is 
that calculated on the basis of the laws of conservation of energy and 


momentum. 

Here, then, we have a phenomenon which, like the photoelectric 
effect, can be explained only in terms of a corpuscular theory of energy. 
Yet, in all these observations, use is made of the wave theory to deter- 
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mine wave lengths and frequencies. We are thus led-to adopt a dudistie 
conception of Oie nature of radiant energy. When dealing with inter- 
ference, diffraction, and polarization phenomena, we find it necessary to 
use the undulatory theory ; when dealing with the interaction of radiation 
and matter, it is necessary to use the corpuscular concepts, energy and 
momentum. The two apparently contradictory aspects are connected 
by the extremely significant relations 

E = hv, (9) 

and ^ = r ^10) 

c X 


1.6 Undulatory Phenomena Associated with Corpuscles. While 
de Broglie and Schroedinger had already suggested that matter also 
might partake in a similar dualistic behavior, the first experimental 
evidence for this idea was obtained by C. J. Davisson and L. H. Germer. 
In 1927 they made certain observations on the reflection of electrons 
from single crystals of nickel, which could be interpreted only on the 
assumption that imder those conditions a stream of electrons possesses 
undulatory properties. The observations on the variation in intensity 
of the reflected beam with angle of incidence, for a homogeneous beam 
incident on the crystal, led to the conclusion that there exists, associated 
with the corpuscular kinetic energy of the electrons, a wave motion for 
which the wave length X (known as the de Broglie wave length) is related 
to the momentum /a by an equation identical with that used by 
Compton, of the form 


h h 
V2ixVe’ 


( 11 ) 


where V is the potential difference through which the electrons are 
accelerated in acquiring the velocity v. 

These observations were made with low-velocity electrons, but G. P. 
Thomson showed a little later that high-velocity electrons are diffracted 
by thin metal films in exactly the same manner as X-rays, thus repeating 
with electrons the famous experiment by which Laue had demonstrated 
in 1913 the wave nature of these rays. Subsequently it was shown by 
A. J. Dempster that, in the reflection of protons from crystal surfaces, 
the phenomena observed indicate, for this case also, a wave length 
associated with the corpuscular momentum which is given by equation 
( 11 ). 

Before discussing the significance of this relation, it is essential to con- 
sider what values of X we may expect, on the basis of this equation, for 
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certain cases of corpuscular motion. Since h — 6.66 X 10"*^ erg • sec., 
it follows that for ju = 1 gm. and i; = 1 cm. per sec., X = 6.66 X 
cm. This is much too small to be measured by any sort of grating 
available, and hence cannot be observed experimentally. From the 
investigations of crystal lattice structures by means of X-rays, it has 
been shown that the distances between atoms in such crystals are of the 
order of 10"* cm. This therefore determines, for the magnitudes of 
corpuscular wave lengths that may be observed by means of crystals, 
values ranging from KT^ to 10"^° cm., while optically ruled gratings 
enable us to measure wave lengths exceeding KT* cm. The values of 
fiv corresponding to the lower range of wave lengths are h/lOr'' to 
V10~^°, that is, from 6.65 X 10"“ to 6.65 X 10"*^ gm. cm. sec."^, and 
such values are obtained only with atoms or electrons. For instance, 
in the case of a hydrogen molecule (/* = 3.3 X 10"“ gm.), the velocity 
at room temperature is about 2 X 10® cm. per sec., and therefore 
Aiv = 6.6 X 10"^* gm. cm. sec."*, while for an electron (m = 9 X 
10"“ gm.) having a velocity 5.9 X 10* cm. per sec. (corresponding to 
a fall through a potential of 100 volts), fiv = 5.3 X 10"*® gm. cm. 
sec."* and X = 1.24 X 10"* cm. 

It is for these reasons that phenomena exhibiting the characteristics 
associated with waves may be observed experimentally only with such 
ultramicroscopic particles as atoms and electrons and cannot possibly be 
detected, at least in the light of present knowledge, with macroscopic 
corpuscles. 

1.7 Principle of Indeterminacy. These effects which have been 
described rather briefly in the previous sections thus lead to conclusions 
which are apparently quite opposed to notions inherited from classical 
physics. Classical physics conceived light as an undulatory motion in a 
hypothetical ether; the theory of relativity discarded the ether, and it 
would appear that the quantum relations obliterate the waves. On 
the other hand, while the experiments on deflection of electrons in 
electrostatic and magnetic fields led physicists to assign to electrons a 
mass n and a velocity v, as well as a charge e, the experiments on diffrac- 
tion lead to the conception of “ electron waves,” to which a definite 
“ wave length ” may be assigned. 

What explanation can be deduced for this seeming dualism in the 
behavior of both radiation and matter? The answer, first perceived 
most clearly by Heisenberg and Bohr, is that this dualism is actually 
inherent in the experimental arrangements used, in the agencies of 
observation themselves. The nature of the ecperiment controls the resvU 
aetuaUy observed. 

The difificulty is this, that we have always assumed that we could 
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treat phenomena as something apart from the tools used in the observa- 
tions. After all, as Eddington reminds us, “ The world of physics is a 
world contemplated from within, sxurveyed by appliances which are 
part of it and subject to its laws," whereas it had been assumed that 
such observation revealed something that is independent of the mode of 
observation itself. 

When we measure a length with a meter stick, or observe the position 
of an oil drop through a telescope, we are justified in assuming that the 
act of observing has introduced no effects on the object of observation. 
Consequently, it is possible, in ordinary dynamical problems, to specify 
the instantaneous state of a particle in terms of its position (which we 
shall designate by x) and its velocity v or, more accurately, its momen- 
tum p == jtt». From a knowledge of the forces acting on the particle, 
it is then possible to predict its subsequent behavior, as, for instance, its 
position and velocity after any period of time t. Such a prediction is 
valid because it is possible to make observations on the initial conditions 
without “ spoiling ” the results of the measurements. " However,” 
as Heisenberg has pointed out,® 

This assumption is not permissible in atomic physics; the interaction between 
observer and object causes uncontrollable and large changes in the system being 
observed, because of the discontinuous changes characteristic of atomic processes. 
The immediate consequence of this circumstance is that in general every experiment 
performed to determine some numerical quantity renders the knowledge of others 
illusory, since the uncontrollable perturbation of the observed system alters the 
values of previously determined quantities. If this perturbation be followed in its 
quantitative details, it appears that in many cases it is impossible to obtain exact 
determination of the simultaneous values of two variables, but rather that there is a 
lower limit to the accuracy with which they can be known. 

For instance, in the Bohr theory of the hydrogen atom, the motion of 
an electron around the nucleus is treated on the same basis as the motion 
of the earth around the sun. It is assumed that we can measure both 
the position and velocity of the electron at any instant and that from 
this we can derive a magnitude which we designate as frequency of 
revolution in an orbit. But can position and velocity be specified 
simultaneously for an electron in an atomic system? Heisenberg’s 
answer is that this is impossible. In fact, the more accurately we 
attempt to determine the position, the less accuracy we attain in the 
measurement of velocity, and vice versa. 

As an illustration, let us consider the manner in which we might try to 
determine the position at any instant of an electron in motion. In 
order to see the electron, it must be illuminated, and from optical con- 

® W. Heisenberg, “The Ph 3 rsical Principles of the Quantum Theory»” p. 3. 
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siderations it is known that for an ideal lens the uncertainty Ax in the 
determination of x is given by the relation 


Ax = 


X 

sin 0 


( 12 ) 


where X is the wave length of light used and 26 is the aperture of the lens 
(see Fig. 3). Thus 0 should be chosen as large 
as possible, and X as small as possible. Theo- 
retically we could use gamma rays, the shortest 
wave lengths of radiation obtainable. To make 
the observation it is necessary that at least one 
photon should be scattered by the electron and 
pass through the microscope lens to the eye of 
the observer. In consequence of the Compton 
effect, the electron receives a recoil, and the 
amount of this recoil cannot be determined 
since the lens receives in the same focus all the 
rays originating in the angle 28, Thus the 
uncertainty in the magnitude of the loss in 
momentum of the electron in the x-direction is given by 



Fig. 3. Illustrating the 
Principle of Indeter- 
minacy. 



sin 0, 


(13) 


The inequality indicates that the magnitude of the inexactitude will 
never be less than h sin e/\, but may be greater, owing to physical 
imperfections in the experimental arrangement. 

Consequently, we arrive at the very significant result 

Ax • Apx ^ h. (14) 

To minimize the loss in momentum, we might use radiation of much 
greater wave length. In fact, we might attempt to measure the velocity 
of the electron by means of the Doppler effect, and in order to increase 
the accuracy of observation, it would be necessary to work with very 
long-wave-length radiation, but this would increase the inaccuracy in 
determination of position. 

In the foregoing discussion, use has been made, on the one hand, of 
the wave theory in connection with resolving power of the lens, and, 
on the other hand, of the corpuscular theory of the Compton effect. 
However, the conclusion stated in equation (14) may be derived also 
from a consideration of the wave properties exhibited by electrons when 
made to pass through a slit. We ima^ne a homogeneous beam of 
electrons incident in the normal direction on a screen containing a slit. 
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In order to fix the position of one of the electrons at the instant of passing, 
we must choose a slit of extremely narrow width d. The coordinates 
parallel to the scr^n are thus determined with the accuracy 

Ax = d. 

But if d is comparable in magnitude with the de Brc^e wave length X, 
the electrons will be deflected at the edges (diffraction phenomenon). 
Consequently, the emergent beam has a finite angle of (fivergence d, 
which, according to the laws of optics, is determined by the relation 


sin = - 
d 


Ax 


and the momentum of the electrons in a direction parallel to the screen 
is uncertain, after p^ing the slit, by an amoimt 


Ap = - sin 6. 
K 


From these two relations, equation (14) follows, as before. 

A similar relation is valid for the simultaneous determination of E, 
the energy, and t, the instant of observation. For, in order to determine 
the difference in frequency Av between two frequencies v and v + Av, we 
must extend the observation over an interval of time At = \/Av. Hence 


hAvAt == AE- At :^h. 


(15) 


The conclusions stated in equations (14) and (15) constitute the 
generalization which is known as Heisenberg’s Principle of Indeter- 
minacy and though it does not enable us to make any calculations on the 
behavior of atomic systems and electrons, it is extremely important 
in indicating the nature of the predictions which can be made about such 
particles. 

Heisenberg’s principle postulates that there exists a fundamental 
limitation governing the possibility of associating exact determination of 
position with exact determination of momentum, when dealing with 
such systems as atoms and electrons, and the reason for this is the fact 
that any observation on atomic sj'stems or electrons involves an inter- 
action with agencies of observation, not belonging to the system. Thus 
the initial conditions in any dynamical problem involving atoms are 
indeterminable to the extent defined by equation (14), and consequently 
we cannot expect classical methods to be valid for calculating the 
behavior of a microscopic system such as an atom or an electron. 

* What Heisenberg designated as “Unbestimmtheit” has been traodated into the 
English equivalents: inexactitude, indcfinitcncss, uncertainty, and indeterminacy. 
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That this limitation is of negligible significance in the calculation of 
macroscopic systems is readily evident from considerations similar to 
those advanced previously in the discussion of the undulatory phenomena 
associated with corpuscular motion. The experimental limitations in 
the accurate determination of either position or velocity, in dealing with 
the motion of ordinary masses, are so large that the Heisenbei^ in- 
exactitude relation becomes completely obscured. This is no longer 
true, however, when dealing with the motions of electrons in atomic 
systems. In view of the impossibility of determining accurately the 
initial conditions in these cases, a precise statement of subsequent 
occurrences is no longer possible. What, then, can be calculated with 
regard to the behavior of such a system? 

In the ordinary affairs of life we have learned to solve such problems 
by applying the methods of the theory of probability. Thus the life of 
any individual human being is indeterminate in duration, .but life 
insurance statistics enable us to state the life expectancy for any in- 
dividual at a given age. Similarly, in the manufacture of any piece of 
mechanism, where such production involves a large number of units, it is 
possible to predict on the basis of statistical information what the prob- 
ability is for the occurrence in any unit of a given type of characteristic. 

In the kinetic theory of gases we have the well-known probability 
distribution laws of Maxwell and Boltzmann. These laws state the man- 
ner in which the probability of occurrence of a given range of velocities 
or energies varies with the velocity or energy. Thus it is found that, 
while there is a decreasing probability for the occurrence of very high 
or very low velocities, there exists, for each temperature and composition 
of gas, a certain velocity for which the probability is a maximum. 

Now let us return to the consideration of the problem in atomic 
mechanics. Here, as has been mentioned previously, we are confronted 
with the fact that initial conditions are defined only within the limits 
determined by Heisenberg’s principle. In view of this uncertainty, 
it is evident that all that we may expect to determine from the solution 
of a problem on the behavior of an atomic system is the probability of 
occurrence of any individual event. That is, the new quantum 
mechanics is essentially a technic for the calndation of statistical 'prob- 
abilities, and not one which enables us to predict absolute certainties in 
the same sense as we have been led to expect from ordinary mechanics. 

Since, as has been emphasized previously, the indeterminacy becomes 
less and less significant with increase in the values of and x beyond 
those dealt with in the consideration of atomic systems, it is evident that 
for macroscopic phenomena the new quantum mechanics must yield 
results which are identical with those derived by classical mechanics. 
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Bohr had recognized the necessity for fulfilling this condition in develop- 
ing his hybrid theory of classical mechanics and quantizing principles. 
As a result he formulated his famous Correspondence Principle, and, 
in the new quantum theory as well, the spirit of this principle has been 
maintained. For instance, as shown by both C. G. Darwin^ and E. H. 
Kennard,® the path of a macroscopic particle, falling freely under the ac- 
tion of gravitational forces, when derived by the methodsof Schroedinger, 
is found to be identical in form with that derived by the method of 
Newtonian mechanics. If we adopt the language of the quantum 
theory, we may describe this result thus: there is an infinitely high 
degree of probability that, at the end of a given interval of time, the 
magnitudes of tiv and x will approach certain determined values more 
closely than any differences that can be measured, even with the utmost 
possible physical precision. On the other hand, the ordinary calcula- 
tion states that, at the end of the given interval of time, fw and x will 
have these actual definite values. In other words, for large-scale phe- 
nomena, classical mechanics merely states as a certainty a result to 
which quantum mechanics assigns such an extremely high degree of 
prohahility that for all practical purposes it becomes a certainty. 
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CHAPTER II 


THE SCHROEDINGER EQUATION IN ONE DIMENSION 

2.1 The Concepts of Quantum Mechanics. It is the concept of 
probability that characterizes the new point of view, and quantum 
mechanics represents a modification of classical mechanics which 
enables us to predict the behavior of any system from the point of view 
of the Principle of Indeterminacy. As a consequence of the application 
of this new mechanics, certain conclusions have been deduced which 
are quite different from those expected on the basis of Newtonian 
mechanics. On the other hand, the new theory leads to discrete energy 
states for atomic systems by a much less artificial mode of derivation 
than was possible in the Bohr-Sommerfeld theory. Furthermore, the 
calculation now leads to correct solutions in those cases where the latter 
theory failed to give a satisfactory answer, while it yields the same results 
as the older theory wherever the latter did give results in agreement with 
observation. 

The actual mathematical technic of the new quantum mechanics 
has evolved from what appeared at first to be three different lines of 
attack. The first one, originated by W. Heisenberg, is a purely symbolic' 
type of mathematics and is quite unsuitable for elementary presentation. 
The second one, developed by E. Schroedinger (we shall use the symbol 
S. in referring to him), has enjoyed greater popularity, probably, as 
Eddington has suggested, because it is the only one that is simple 
enough to be misunderstood.^' The third line of development is that 
presented by P. Dirac in his treatise, The Principles of Quantum 
Mechanics one which involves, like Heisenberg's treatment, a sym- 
bolism which is apt to repel any who are not mathematically minded." 

In the presentation which the writer has attempted in the following 
sections, only the most essential aspects of the S. technic are considered, 
without regard to the particular arguments by which S. actually de- 
veloped his equation. The reader who desires to obtain an idea of the 
actual method of derivation used by S. will find this presented in his 
original papers and some of the treatises on quantum mechanics.^ 

However, since it is impossible to present even the simplest formula- 
tion of the S. theory without recourse to certain fundamental mathe- 

^See the list of “General References on Quantum Mechanics/’ in Appendix I; 
also E. Schroedinger, Ann, Physik, [4] 79, 361, 489 (1926). 

19 



20 THE SCHROEDINGER EQUATION IN ONE DIMENSION 


maticaJ ideas, it has been considered advisable to precede the derivation 
of the S. equation and the consideration of some of its applications by 
some remarks on these more purely mathematical aspects. 

2.2 Some Fundamental Differential Equations.^ A differential 
equation is a quantitative expression of a hypothesis regarding the 
mechanism of a given phenomenon. In general, what we measure as 
“ pointer-readings ” are the results over a period of time, or over a 
finite distance, of certain forces acting between the bodies constituting 
the system under observation. These forces vary with time and with 
changes in relative arrangement of the parts of the system, but from the 
integration of the differential equation, whenever this is feasible, it is 
possible to deduce the total change in the magnitudes defining the state 
of the system under any given conditions or at any instant of time in 
terms of the initial conditions. 

(1) Let us consider the very simple law governing the motion of a 
body under the action of a constant force. Let F denote the force, ii the 
mass, and s the distance measured along the path of motion. 

By definition, the force is equal to the rate of change of momentum. 
Hence ,, , 

( 1 ) 

where v = velocity at any instant. 

For velocities which are small compared with that of light, y. is con- 
stant. Therefore, we can write 

„ dv 


But velocity is defined as rate of change of distance along the path. 

That is, , 

as 

Consequently, we obtain the result 

\ „ d /ds\ d^s 

Since F is constant, we obtain the differential equation of the second 

„ ^-.-0, (3) 

where a is the “ acceleration.” 


* See list of references on mathematics, at the end of the chapter. 
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We now proceed to find s as a function of t. This will give us a 
“ solution ” of the differential equation. Integrating once, we have 


/ds\ /ds\ 

\dt)t Wo * “ 


or 


ds 

dt 


= ai + Vof 


dVdt*-<r-^ 
|dg/9t-< 


where Vq = {ds/dt)o is the velocity at t = 0. This is a differential 
equation of the first order, and integration of this equation gives the result 

s = 5 • at* + + Sq) (4) 

where sq is the value of s at < = 0. 

Figure 4 shows plots of (1) F/m = ^s/dt^ = a, the acceleration; 
(2) V = ds/dt, the velocity; and (3) s, the 
distance traversed in time t, all as functions 
of t. 

Equation (4) is designated a general solvr 
tion of equation (2), and it will be observed 
that, in the process of solving the latter, two 
constants of integration are introduced, one 
of which corresponds to the initial value of 
ds/cU and the other to the initial value of s. 

The differential equation (3) expresses the 
equation of motion of a body under the action 
of gravity, where F/n = g, the gravitational 
constant. 

(2) The special case of equation (3) in which F, and consequently, a, 
is equal to zero, gives rise to the second-order differential equation of 
the form 



Fig. 4. Geometrical inter- 
pretation of a simple dif- 
ferential equation and of 
its solution. 




= 0 , 


( 6 ) 


which leads to the first-order equation 

dy 


dx 


s c, a constant. 


and this in turn, to the result 

y = ac + d, 

where d is a second integration constant. 
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The last equation is that of a straight line, and c defines the slope, 
while d defines the intercept on the y-axis, since j/ = d for a: = 0. 

(3) A very important type of second-order differential equation is 
that representing a simple harmonic motion. If a particle of mass n 
moves with respect to a fixed point in such a manner that the restoring 
force acting on the particle is proportional to the displacement (r) from 
the fixed point, the differential equation for the motion has the form 

d^r 

F = = -^r, (6) 


where A; is a constant which we shall regard as positive. 
In order to integrate this equation, we try the solution 


Hence 


r = roe”“. 


df ° ’ 


and substituting in (6) we obtain the “ characteristic equation ” 

jum* -f A: = 0, 


that is. 



= 0 . 


The roots of this equation are m = ±i\/k/n = ±fw, where w = Vk/n, 
and i = V— 1. 

Consequently, the general solviion or complete integral has the form 


r = Ce^‘ + 


( 7 ) 


where C and D are two arbitrary constants of integration. 

The right-hand side of equation (7) may be expressed in a more 
familiar form by making use of the series expansion formulas® for 
and €-<"* 




1 + iut 


{iut)^ 

1 -2 1 *2 -3 


1 -2 -3 • 4 ’^ 


» 1 - iorf 


1-2 1-2-3 


•2-3-4 


* These expansions are derived from Maclaurin’s series, which in turn is a special 
application of Taylor^s theorem. 
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Therefore, 


and 


= 2 jl 

, 


(iwt)* 


= 2 1 - 


2 -3 -4 

(«<)" 


+ 


•} 


1-2 1 -2 -3 -4 

= 2 cos ut, 


Jut 


-io,j ^ 2iLt 


(u>ty 


(«0* 


1-2-3 1-2-3-4-5 


That is, 


= 2i sin o)t, 

= cos (at + i sin cat 


~ico< 


= cos cat — i sin (at 


( 8 ) 


(9) 

( 10 ) 

( 11 ) 


In consequence, equation (7) may be expressed in the form 
r = A cos 0)1 + B sin w< 

= A cos • < + B sin ^ • t, (12) 

where the constants A and B are given in terms of C and D by the two 
sets of relations 

A = C + D-, B = i{C -D) (13) 

2C= A - iB; 2D = A + iB. (14) 

That is, in the general case, C and D are complex conjugate quantities. 
If, as is customary, we designate the complex conjugate of any quantity 
by a bar over the symbol (or an asterisk), then it follows from equation 
(14) that 

C = D, and D = C, 

a2 I t>2 

while CC = DD — (15) 

4 


The quantity on the right-hand side of the last equation is always real 
and is designated the norm of the complex quantity C or D. The 
positive value of the square root, that is + B^/2, is known as the 
modidiis of C or D. TMs is usually expressed in the form 


1C| = 12)| 


VA^ + B^ 


2 


(16) 
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We shall now consider the physical interpretation of equations (7) 
and (12). Evidently we can write the latter in the form 

= VaFT^ sin (<o< + «), (17) 

where sin 8 = Ajs / and cos 5 = b/V3^T^. 

As i is varied from < = 0 to < = 2ir/«> passes through the cycle of 
values indicated in the following table. 


t 

r 

s 

0 

0) 


0 

I/tt \ 

VA^ + B® • sin 8 = A 

Ki-‘) 

-H • sin ~ = V 


— V • cos 8 = B 

2a) 



0 

" \ / 



- + B* 

«\2 / 

27r 

A 

0) 



In the 'period r = 2ir/«> the value of r varies from 0 to =t V A? + 5^, 
and it is evident that, for any value of < = nr (where n = 0, 1, 2, etc.), 
the value of r will pass through such a scries of oscillations n times. 
That is, the particle performs harmonic vibrations about the point r = 0, 
of which the amplitude is VA^ + and the frequency 


w ^ Jk^ 

2ir 2xy ft 


(18) 


The angle 5 is known as the phase angle, and the particular value of 
this angle depends upon the initial conditions. In the case of equation 
(17), it is evident that the initial condition was r = A for < = 0, and 
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this corresponded to the value 

5 = tan"^ — • 

Jj 

On the other hand, for the initial condition r = B, the value of the 
phase angle would be 

-1 B 
5 == tan * — • 

A 

Equation (17) expresses in the form of a single harmonic function the 
same motion as that expressed by the sum of two harmonic functions in 
(12). That the equations are equivalent may be demonstrated readily 
by considering the case A — B. Then the two equations become 

X = A (cos ut + sin at), (i) 

and, since sin ir/4 = cos ir/4 = 1/V2, 



In the first of these equations, x is expressed as the sum of two identical 
harmonic waves which are 90° out of phase; in the second eqtmtion, 
X is expressed as a single harmonic wave, having an amplitude 'n/ 2 times 
that of each of the waves in (i) and 45° out of phase with each of these. 



Pig. 6 . Illustrating the superposition principle of wave motions. 


The significance of these considerations is illustrated by the plots in 
Fig. 5. Curve I corresponds to j/ = 3 cos <o<; curve II to y = 4 sin at, 
and curve III to y — 5 sin (cct H- 5) where 5 = 36.8 . It will be ob- 
served that each ordinate for curve III is the sum of the ordinates, for 
the same value of t, for curves I and II. This illustrates a generalization 
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known as the Principle of Superposition, which is of extremely great 
importance in quantum mechanics. 

We could also incorporate the phase angle 5 into the exponential 
expressions used in equation (7). In that case, we put 

r = 

where 2Co = (A — 

and 22)o = (A + 

This leads to the result 

A^ ”1” B^ = 

and Va2 + £2 = 2 1 Co 1 = 2 I C I , 

as before. 

Returning to the consideration of equation (12), it follows that the 
velocity of the particle at any instant is given by 

dr 

= r = —Ao) sin cat + Bca cos cat, 
dt 

and the initial momentum po = is given by 

Po = Biki), 

Consequently, we can write equation (12) in the form 


, , Po . , 

r = ro cos w< H sin ut, 

IJM 

and the momentum at any instant is given by 

p = pr = — rowp sin wf + po cos «<. 


(19) 

( 20 ) 


Again, it is often convenient to express the motion in terms of the 
total energy E and the frequency. 

From equation (6) it follows that the potential energy 

J r*’’ kr^ 

Fdr — y 
0 2 


since by definition the potential energy^ is the increase in energy due to 
the displacement of the particle from r = 0 to r. 

Also, the kinetic energy at the point r is given by 


^ See more comprehensive discussion of potential and kinetic energy in Chapter IV. 
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Hence, 


E = T+V = 


2/t 



( 21 ) 


and since this must be a constant for the system, it follows that p as a 
function of r will be represented by an ellipse. 

Comparing equation (21) with the equation of an ellipse in terms of 
the major and minor semi-axes a and b, which is 


+ = 1 


( 22 ) 


it is seen that the sem i -axes of the ellipse will be given in the present 
case by V 2pE for the axis along which p is measured, and by V 2E/k for 
the axis along which r is measured. 

Since k — /«o^, it follows from equation (21) that 

= 2uE, (23) 

which expresses p and r in terms of E. 

By substituting po and ro in this equation it follows that equation 
(20) may be written in the form 

p = '\/2jiiE cos (ut -f- 5), (24) 


where 

. Po 

cos 6 = / 

\/2fiE 

and 

sin 5 — . 


Also it follows from (24) and (21) that we can write (19) in the form 
r = M + 5), (25) 


These two equations thus express p and r in terms of the total energy 
and of w = 2irv. 

(4) Lastly, we shall consider the second-order differential equation 
of the form 




- m^y = 0 , 


( 26 ) 


where m is a constant, and m* is always positive. 
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As in the case of equation (6) we try the solution 

y = A^, 


so that® 



= fcV 


Hence, the “ characteristic equation ” is 

^ 0 , 

which has the roots k = ±ffi, and this leads to the general solution for 
equation (26) of the form 

y = (27) 

For a: = 0, j/o = A + and 

Thus the two integration constants can be expressed in terms of the 
values of y and y' for x = 0. 

Corresponding to the exponential expressions for the sine and cosine 

functions given in (8) and (9), we 
have the following relations: 

_|_ ^-mx _ 2 (josJj ^nx, (28) 

= 2 sinh mx, (29) 

where cosh and sinh denote the 
“ hyperbolic ” cosine and “ hyper- 
bolic” sine functions, respectively. 
Hence (27) may be written in the 
form, analogous to (12), 

y = {A + B) cosh mx + 

(A — B) sinh mx, (30) 

where (A + B) and (A — B) evi- 
dently may be replaced by two 
new constants, thus retaining the 
general form of solution with two 
arbitrary constants. 

Figure 6 shows the graphs for cosh x and sinh x, and it will be observed 
that the two functions become more and more nearly equal to each 

® The notation y' =• dy/dx, y" — dPyld^] y = dy/dt, y = ^yjd^, is used very 
frequently in mathematical treatises. 



Eio. 6. Plot of hyperbolic cosine and 
sine functions. 
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other for large positive values of x, while they diverge more and more 
with increasingly negative values of x. 

2.3 Equations for the Propagation of Wave Motion.^ We shall now 
consider the manner in which it is possible to express the propagation of a 
wave motion along a single coordinate axis. Such an expression should 
give the amplitude of the wave at any point x as a function of the time t. 

Let us consider the expression 

y = Ho cos (ax — ut), (31) 

where a and « are two (positive) constants. 

For values of t = axl<a, the amplitude y repeats itself. Hence, 
equation (31) must represent the propagation of a wave motion for 
which the velocity of propagation (phase velocity) is « =» x/t = w/a. 

If V denote the frequency, and X the wave length, 



U = V\y 


and hence 

(f) 2irv 

- = = vX, 

a a 


so that 

2^ o 

a = — = 2m, 

A 

(32) 

where 

sr: ^ r= wave numbei. 

A 



Consequently we can write (31) in the more convenient form 

y — yo cos 2ir(ax — vt). (33) 

If X becomes more positive, and t is made more positive to such an 
extent that t = axlv, the amplitude y repeats itself. Therefore, equa- 
tion (33) miist represent a wave motion for which the direction of 
propagaiion is the same as that of increase in the value of x, that is, 
from left to right. 

On the other hand, if we wish to indicate propagation from right to 
Uft, it is evident that the corresponding expression must be 

y = yo cos 2v(cx + vt), (34) 

since, in this case, for positive increase in t, x must be made negative in 
order to make y repeat itself. 

* See references at end of chapter. 
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It is also evident that for propagation from to right we could use 
the relation 


y — Vo cos 2ir(vt — ax), 


(35) 


since cos 0 = cos (—0), while for propagation from right to Uft, we could 
use the relation 

V — Vo cos (—2irvt — 2irox). (36) 


If now we consider the expressions 


and 


y = Vo cos 2ir(ffx — vt) + i sin 2ir(<fX — d) 


= 2/o« 






(37) 

(38) 


we observe that we could use either relation to express a propagation 
from left to right, while for motion in the opposite direction we could 
use either of the two following relations: 


y = yo( 


2vwx^2‘irivt 


(39) 


or 


y = 2/o« 


^2iriffX^2irivt 

c • 


(40) 


Now in quantum mechanicKS it is conventional, and there are also 
definite reasons for the procedure, as will be pointed out subsequently, 
for choosing those expressions in which occurs. Under these 

conditions we shall regard as indicating a wave motion from left to 
right, as follows from equation (37), while we shall regard e^^Tritra? 
indicating propagation from right to left, as follows from equation (40). 

We may also proceed now to derive from these relations the differential 
equation for the propagation of a wave motion. 

Consider the relation 


Then, we derive the following partial differential coefficients: 

d^y 


dy 

^ = 2^; 


dT 




The symbol d is used to designate differentiation of a function of more 
than one independent variable, with respect to one of these variables, 
maintaining the other variable constant. In the present case y = y(x,t), 
and hence arises the necessity for using the notation for partial differen- 
tiation. 
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Similarly, we derive the relations 


fly 

dt 


—2invy; 


at^ 


= — 


dx^ ~ ■ ae 


_ JL tl 
~ ■ ae ’ 

where u = v\ — vtr = phase velocity. 

T his equation is the desired partial differential equation which is 
evidently satisfied by each of the particular solutions given in equations 
(33), (34), (37), (38), (39), and (40). 

We shall proceed, in the following section, to deduce the same differ- 
ential equations from more fundamental considerations, and shall then 
indicate the method by which a general solution may lie deduced. 

2.4 Differential Equation for the Vibration of a String.^ It is a 
familiar fact that a string stretched between two fixed points, when 
made to vibrate, exhibits nodes and loops. The nature of the wave 
pattern is determined by the length of the string L, in accordance with 
the relation 



where n is an integral value and X/2, which is one-half the wave length, 
is the distance between two consecutive nodes. 

Similarly, a stretched membrane, organ pipe, or any other vibrating 
system exhibits definite wave patterns when vibrating, and in acoustics 
use is made of this fact to produce notes of definite frequencies or wave 
lengths. This observation that the vibrations of such systems are 
characterized, not by a continuously varying range of frequencies, but 
by a series of discrete values of these frequencies, is analogous to the 
spectroscopic observation that an atomic system may exist only in a 
series of states corresponding to a discontinuous scries of values for its 
energy. It is this analogy, which is of a purely mathematical nature, 
that Schroedinger utilized in developing his “ wave equation ” for 
interpreting the behavior of electrons and atomic systems, and, there- 
fore, before proceeding with the consideration of this wave equation, it 

^See K. K. Darrow, Bdl System Tech. J., 6, 65.3 (1927), for a discussion of the 
differential equations for vibrating systems in two and three dimensions. 
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is necessary to understand some aspects of the mathematical treatment 
of the problems of vibrating systems. 

The simplest of these problems is that of a stretched string, as for 
instance, the wire of a piano, or the string of a violin. It is a problem 
involving only one coordinate in space, which 
is the distance along the string, and also time 
as a second variable, since the amplitude is a 
function of the time. Let us consider a stretched 
string, infinitely long, extended along the x-axis. 
Let T denote the tension along the string (that 
is, the force which maintains the string in a 
stretched condition), and p, the mass per unit 
length. To derive the differential equation for 
the motion of the string, we consider the forces 
Fig. 7. llliMtrating der- acting on an element of length Ax, which is so 

ferential equation for "^^y be regarded as practically 

vibration of a string, straight. When the string is drawn sideways 
(in the direction of the y-axis), these forces have 
components along the two axes of coSrdinates. Let d denote the angle 
between the element and the original position of the string (along the 
x-axis), as shown in Fig. 7. 

The mass of the element Ax is pAx, and its acceleration in the direction 
of the y-axis is d^y/ df. Hence, the force acting on the element is 



d^y 

^’=P^Ax. 


(41) 


The force F is balanced by the force arising from the difference between 
the tensions at the two ends of the element Ax. That is, 

F = r[sin {e + A 0 ) - sin e] 

= r[tan (e + A 0 ) - tan fl], 

since, for small values of 6, sin 6 and tan 6 are approximately equal. 

But tan e = — > 

dx 


tan (fl + AS) — tan S = A tan $ 


dx 


d^y 

(tan S)Ax = —5 Ax, 

(73? 


and 
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d^y 

Hence, F == T A*, 

OtC 


and, comparing this equation with (41), it follows that 


rp^"y_/y, 

^ dx^ ~ 


II 

I 

.s' 

(42a) 

This relation is usually written in the form 


II 

(426) 


where primes denote differentiation with respect to x, and dots, dif- 
ferentiation with respect to t. 

Equation (42o), or (426), is the partial differential equation which 
represents a wave motion along a stretched string. It is of interest to 
consider the significance of the coefficient p/T. The constant p has the 
dimensions of mass divided by length, that is y/l, while T has the dimen- 
sions of a force, that is yl/t^. Thus, p/T has the dimensions f/P, which 
are identical with those of l/«^ where u denotes a velocity. Therefore, 
we may replace p/T by a constant l/«® which has the additional ad- 
vantage of indicating that this coefficient corresponds to a positive 
magnitude. (This is the customary method in mathematical equations 
of indicating such a condition and will be used quite frequently in 
the following sections.) 

To solve the partial differential equation of the form 


d’^y ^ 1 d^y 
dx? ~ dt^ ’ 


(43) 


the classical method of procedure is that known as solviion by separation 
of the variables, which is applicable provided it is a constant. 

Let us assume 

y = f(.x)git), 

where fix) is afunction of x only, and git) a function of t only. 

Hence, ,2 

y" =‘f"ix)git) = 


and 


V =fix)m 
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Since f{x) and git) are each functions of only the corresponding vari- 
able, the partial differential coefficients may be replaced by ordinary 
differential coefficients. 

Substituting in equation (43) and dividing by fix)git), we obtain 
the relation 

fix) _ 1 m 
fix) git) 

Since the left-hand side is independent of t, while the right-hand side 
does not involve x, we may equate each term to an arbitrary constant, 
which we shall designate by —m^ (to indicate that it corresponds to a 
negative magnitude). 

We thus obtain two ordinary differential equations, 
d^fix) 

+ m^fix) = 0, (44) 

^ + mVff(0 = 0. (45) 

These equations are similar to equation (6), and therefore the general 
solutions are of the form given in equation (7) or (12). Expressed in 
the exponential form, these solutions are as follows: 

fix) = (46) 

git) = (47) 

where A, B,C, and D are four arbitrary constants, the values of which 
are determined by the “ boundary ” and “ initial ” conditions. 

In the case of the string fastened at both ends, y = 0 for both a: = 0 
and X = L, where L = length of string. 

Therefore, for a: = 0, 

fix) == 0 = A + B. 

Hence, 

A = -B. 

For X = L 

fix) = 0 = ^(e’”^ - r**"^) 

= 2Ai sin mL. 

Since A is not equal to zero, sin mh = 0, which means that 

, nre 

mL — nir; m = — » 


where n = 1, 2, 3, etc. 


(48) 
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Thus, the particular solution corresponding to equation (46) is 


/(*) = 2Ai sin 


nvx 


For X = L/2n, f(x) = 2Ai. Since /(*) must be real in the case of a 
vibrating string, A must be a pure imaginary, and therefore Ai = ■] A | = 
Ao, a real quantity. Hence, the last equation should be written 


Six) 


„ , . ntrx 

2Ao sm -j— ■ 

Jb 


(49) 


Turning now to the solution in equation (47), we have, as initial 
condition, that is for t — 0, 

git) = 0 = C + H; and C = —D. 

As ioY fix), we thus derive the solution 

g(t) = 2Ci sin mut, 

and inserting the value of m derived in (48), this becomes (since Ci 

must be real) . nmU 

g{t) = 2Co sm -j- • 

Now if X denotes the wave length, and v the frequency, it is evident 
that fix) must become zero for a: = 0, a: = X/2, a: = X, and so forth. 
Therefore, in equation (49) we can write 

L = —— > that IS X„ = — > 

2 n 

which states that L must be an integral multiple of one-half the wave 
length of the note emitted by the vibrating string. 

Consequently, 

./V « ^ . 2irx 

f{x) = 2Ao sm — 

An 


== 0 for x = L = — • 

Ji 

Also it follows, since u = Vn'Kn, that 

git) - 2 Cq sin 2in'„<. 

In these last two equations, vn designates the frequency of the har- 
monic or nth normal mode of vibration and Xn designates the correspond- 
ing wave length. 
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Thus, the particular solution of equation (43) is of the form 


^ttx 

y = f(x)g(t) = ^AqCq sin-- — • sin 2TVnt, 


( 50 ) 


where 


X„ 


= — = - 
n n 


u nu 


and X and v are the fundamental wave length and frequency, respec- 
tively. 

It will be observed that the differential equations (44) and (45) have 
physically significant solutions only for those discrete values of m which 
are defined by equation (48). These are known as characteristic values 
or eigenvalues, and the corresponding values of the functions f{x) and 
g{t), as defined in equation (50), are known as characteristic functions 
or eigenfunctions. 

Corresponding to each frequency »>„, there will be a definite vibration 
of an amplitude defined by the magnitude of the coefficient AC, and 
there will exist n loops (regions of maximum amplitude) and (n — 1) 
nodes (regions of zero amplitude) between the ends of the wire. 

It is evident that equations (46) and (47) represent a general solution 
of equation (43), of which equations (33), (34), etc., in section (;?.3) 
are particular forms. 

2.6 Schroedinger Equation for One Coordinate. The actual stimulus 
to the wave mechanics, as it is designated, developed by Schroedinger 
was derived from certain theoretical speculations of Louis de Broglie re- 
garding the analogy between the laws of geometrical optics and those 
of classical dynamics. 

As is well known, the laws of geometrical optics are more and more 
valid, the shorter the wave length of light. For light waves comparable 
in length with those of the object upon which they impinge, that is, for 
rays having a radius of curvature comparable with the wave length, we 
must interpret the observations from the point of view of the undulatory 
theory. This suggested to de Broglie the possibility that Newtonian 
dynamics is also an approximation which is valid for macroscopic 
systems, but not for atomic systems because the radius of curvature of 
the electronic orbit is of the same magnitude as the wave length asso- 
ciated with the corpuscular motion. 

Let us consider, for instance, the Bohr orbit of the electron in the 
normal state of the hydrogen atom. The quantum condition, intro- 
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duced by Bohr for determining the discrete energy states, is given by the 
relation i, 

where v denotes the velocity of the electron in the circular orbit of 
radius r. If a wave length X is associated with this motion, the cir- 
cumference of the orbit must be an integral multiple of X, and for the 
simplest case this multiple will be unity. 

Hence, 

2rr = X. 


Comparing these two equations, if follows that 

h 

X =— » 

flV 

which is the famous de Broglie relation. 

As has been mentioned in Chapter I, this suggested association of wave 
motion with corpuscles in motion has been confirmed by the investiga- 
tions on diffraction of electrons and protons. We must now consider 
the manner in which this observed dualism in the behavior of corpuscles 
has been utilized by Schroedinger in deducing his famous equation. 

Let E denote the total energy of a partiele, T the kinetie energy of 
the particle, and U the potential energy at any point in space. Then, 
in accordance with the law of conservation of energy 

E = T+U 

and 

T =^E - U. 


For a single particle moving in a field of force, such as an electron in 
the hydrogen atom. 


T = yv^=.E- U, 


and therefore 

jup = y/2n{E — U), 


while, since X = h/iftv), 

h 

^ “ \'2fi{E - U) ' 


(51) 


Since in general f/ is a function of the codrdinates of all (he electrons 
with respect to the nucleus, X must vary from point to point in the field 
of force. Thus we may regard the motion of the electrons as governed 
by that of the associated de Broglie waves. Each electron in an atomic 
system follows the direction along which these waves are “ refracted ” in 
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the field of force which is due to the simultaneous presence of all the 
particles. 

The Schroedinger (S.) equation is a partial differential equation, of 
the same nature as the differential equation for the vibration of a string, 
which indicates the manner in which the wave pattern, produced by the 
motion of an electron in a given field of force, varies with the space 
coordinates. Therefore, we introduce a function if/, analogous to the 
amplitude in a physically vibrating system, which defines the “ ampli- 
tude ” of the wave motion and is known as the S. function or space 
function. Its actual physical interpretation will be considered in a 
subsequent section. The simplest type of problem is that in which we 
are dealing with the motion of a single particle of mass ju in a field of 
force for which the potential energy 17 is a function of only one co- 
firdinate x. 

Hence, ^ is a function of x and t only, and we denote this by writing 
if/ = if/(x, t). Referring now to equation (43), which is valid for any 
vibrating system in which the motion occurs along only one axis of 
coordinate, we write the equation in the form 

ay 1 aV 

dx^ ~ A* at* ’ 

where v\ takes the place of u, the velocity. 

As in the solution of equation (43), we assume that 

if/{x, t) = (53) 

where the function corresponding to g{t) in equation (47) is assumed to 
be of the exponential form with a negative sign in the exponent. Evi- 
dently this satisfies the partial differential equation (52) . As a matter of 
fact, since we are interested for the present in the stationary wave patterns, 
we may postpone for a subsequent chapter any further consideration of 
the exact function by which to represent the variation in if/{x, t) with t. 

Incorporating the relation for if/, assumed in equation (53), into the 
differential equation (52), we derive the relations 

^ = -2inv/f , . 


and 


dx* dx* 
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In these equations ^ is used instead of ^(a:). 

Substituting the last two relations into (52), the result is the ordinary 
differential equation 

4ir*0 _ 


In consequence of equation (51) this equation assumes the form 


8irW - U)il> 


(54) 


This is the form of the S. equation for one coordinate, and it will be 
observed that, since 17 is a function of x, the equation cannot be solved 
as readily as the differential equations considered in the previous sections. 
The mathematical technic of solution thus depends upon the nature of 
the function U = U (x). 

2.6 Motion of Electrons in Absence of Field of Force. In absence of 
a field, that is, for U = 0, the S. equation assumes the form 

(») 


Since the coeflScient of ^ is a constant, this equation has the same form 
as equation (44). Thus, the solution is 

4 , = <#)(x) = (56) 

where = Sv^/iE/h^, and A and B are arbitrary constants. 

As emphasized in a previous section, this equation has physical 
significance only if a = 2ir/X, that is, if 

„ V2iiE 2ir 

h X 


or 



which is de Broglie’s relation. 

What is the physical interpretation of the function 
(37) it was shown that the expression 

wO ^iaz 2iriF< 


(57) 


In equation 


represents a simple harmonic wave for which the direction of propagation 
is from left to right, while the expression 


represents a simple harmonic wave motion from right to left. 
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Thus, if in equation (56), we wish to designate a wave motion propa- 
gated from left to right, we can indicate this by putting 5 = 0. To 
obtain an interpretation of <t> we proceed as follows: 

Multiplying <t> by its complex conjugate, the result is 

= Al = 1 A |2. (58) 

That is ^ is a real magnitude. In quantum mechanics <f>$dx is re- 
garded as the probability of occurrence of an electron in the element of 
distance dx at the point x. Since i#)? is a constant in the present instance, 
we may interpret this magnitude as designating the number of electrons 
per unit length. The fact that this linear density is constant means 
that the electrons are uniformly distributed at all points along the x-co- 
ordinate from — « to + <» . This result is in agreement with the de- 
duction from the Principle of Indeterminacy. For an electron having 
a definite momentum p = pv = V2iiE, the associated wave motion is 
represented by a monochromatic (or unifrequentic) wave extending 
from — 00 to + “ , and the position of the electron is completely un- 
determined. There is an equal probability for the occurrence of the 
electron anywhere along the infinite wave train. 

The case A = ±5 evidently corresponds to a stationary de Broglie 
wave. For 

<t> = A(«^* ± 

= 2A • cos ax • 
or 

= 2A* • sin ax • e"*'*”*^ 

depending upon the particular physical conditions to be satisfied. In 
this case 

= 4A* cos* ox 

or . (59) 

= 4A* sin* ox 

and therefore the value of the distribution functions along the x-axis 
varies periodically between the values 0 and 4A*. Again, we interpret 
the expression ^Jdx as representing the relative probability of occurrence 
of electrons in the element dx at the point x. 

From these considerations it is possible to perceive the reasons for 
choosing the exponential functions €*“* and for representing the 
motion of a unidirectional stream of electrons which have a definite 
velocity. It is only by means of these functions that it is possible to 
derive a value of which is constant for aM points along the direction of 
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motiouj and which is in accordance with the observation that in such 
an electron stream the instantaneous location of any one electron is 
completely indeterminable. 

If we attempt to use the sine or cosine functions, the value of thus 
derived turns out to be a function of as shown in (59), which would 
indicate the possibility of observing that the electron density varies at 
different points along the direction of motion in accordance with the 
variation of cos ax or sin ax. Hence we are justified in using the latter 
representations only where observation indicates the existence of a 
corresponding density distribution along the axis of x. 

We shall now consider the interpretation of v and u for a de Broglie 
wave motion. Since it is not possible to measure v for such a wave by 
any experimental method (the only magnitude which may be deter- 
mined experimentally is the wave length), we assume that the frequency 
is defined by the quantum relation v = E/h^ where E is the total energy. 
According to de Broglie, the value of E that should be used in calculating 
V is that derived on the basis of the special theory of relativity, that is, 
E + where c = velocity of light. However, in any observations, 
it is only energy differences that are actually measured, and, therefore, 
it is immaterial which value of the total energy is used. Owing to this 
indefinitencss in the absolute value of Ey it follows that the value of 
u — v\ also cannot be determined by any experimental method. 

In treatises on quantum mechanics, u is designated as phase velocity 
and a distinction is drawn between this quantity, which cannot be 
observed experimentally, and the so-called group velocity, which is 
identical with the experimentally observed corpuscular velocity v. 
However, to the writer it seems that altogether too much emphasis 
has been laid on this topic, at least in an introduction to quantum 
mechanics. As a matter of fact, it is meaningless to speak of a velocity u, 
and a frequency Vj as if they were observable magnitudes. For this 
would imply a physical phenomenon in which something is, as it were, 
in a state of vibration. But actually we find that in many problems 0 is 
a function of more than three coordinates. Thus, in the problem of the 
helium atom, 0 for the system is a function of the coordinates of each 
electron and, therefore, represents a vibration in a space of six dimen- 
sions. Obviously, phase velocity ” can have no physical significance 
in such a case, although it is possible to calculate a value of <l)$dxdydz, 
which gives the relative probability of locating one of the electrons 
in the element of volume dxdydz at any point in the space surround- 
ing the nucleus. 

As N. F. Mott has stated,® in referring to the function 0, “The wave 

* N. F. Mott, ‘‘An Outline of Wave Mechanics,” p. 51. 
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function is, so to speak, just a convenient shorthand. The waves are 
not waves in any medium. There are no waves accompanying the 
electron, until we have observed the electron. Then we make use of 
the wave representation to embody the results of an observation. The 
wave equation tells us what may be deduced, from our observations, 
about the future position and velocity of an electron.” 

2.7 Operator Method of Deriving the Schroedinger Equation. This 
divorcing of the S. equation from any physical interpretation is demon- 
strated by considering an alternative method of deriving the equation 
which involves no mention whatever of a de Broglie wave length. 

Let us refer once more to the equation for the total energy of a system, 
as derived from classical mechanics. We write this, for a single particle, 
in the form 

£ = + Uix) 

or 

^ + U{x) -E = % (60) 

2m 

where p « /uv = momentum. 

This equation gives the relation for the energy in the so-called Hamil- 
tonian form, that is, as a function of coordinates and corresponding 
momenta. This is indicated symbolically by writing E = g), 

where q is used instead of x to designate the coordinate.® 

We now replace p by a differential operator ^ which we assume to be 
of the form 


h d 
27ri dq 


(61) 


where the partial differential coefficient refers to the more general case 
in which E is a function of several coordinates, and of their corresponding 
momenta. In the present case, the partial differential is synonymous 
with the ordinary differential, so that the symbol d may be replaced by 
d. Thus, we obtain the operator 


47r® 


i. ^ 

2/x dx^ 


+ U{x) ~ E. 


Applying this operator to the function 0, the result is 




iE^U) 


« = 0 , 


* In Chapter IV this method of expressing the total energy is discussed more fully. 
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that is, 

g + ?^(S-£0*-0. (62) 

which is the S. equation. 

This method of deriving the S. equation involves a step which is very 
fundamental in the new quantum mechanics. Instead of speaking of 
observable magnitudes which characterize a given state of a system, 
we consider rather the kind of operations which may be performed upon 
the function, which is characteristic of that state. To each observable 
in the classical mechanics formulation there corresponds a certain opera- 
tor, and the results of observations on the system are predicted on the 
basis of deductions derived by operating on the characteristic function 
of a given state. 

This use of the so-called algebra of operators is characteristic of the 
new quantum mechanics, but it is worth while pointing out that, 
even in the more elementary types of mathematics, the use of operators 
is quite general. Thus, when we write y® we indicate the successive 
operations j/ • j/ • y, and the notation \/j/ indicates the operation of 
taking the square root. Other operators are log and sin (cos, cosh, 
sink, etc.). The notation sin 6 indicates a certain operation to be 
performed on the angle 6. Similarly, d/d$ = Dg corresponds to another 
kind of operation. Thus, the expression Dg sin 0 indicates the following 
sequence of operations: (1) finding the sine of 0, and (2) determining 
the rate of change in sin 0 with change in 0. It will be observed from 
this example that the order in which the operators are given is of funda- 
mental importance. 

Thus, although operators may be treated as algebraic symbols, that is, 
we may multiply and also (usually) divide by them, as if they were 
actual magnitudes, they are not in general commutative. That is, in 
general, if a and /3 are two different operators 

aj8 7^ /3a 

and a/3 — jSa is known as the commuMor of the operators a and /3. As 
an illustration let us consider the commutator 

Dx — xD 

of the operators D and *. The result of operating on unity is 

d d 

{Dx — xD)l — —X'l — x — 1 


1 - 0 » 1 . 
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Again, if we operate on x, the result is 


and similarly 


J J 

{Dx — xD)x = — (®®) — X — 
ax ax 


= 2x — X = X, 


X 


{Dx — xD)x”^ = (n + I)*" — nx^ 
= x». 


Thus, the commutator of the operators D and x is unity. 

In the case of the operator p as defined in equation (61), it follows that 


pq-qp 


h d h d ^ 

0 — 0 1 

2iri dq 2irt dq 


A 

2vi 


(63) 


That is, p and q are rum-commutative, and the commutator of these 
operators, in the order p, q, is h/{2ri). 

This result represents the analog, in the new mechanics, of the Bohr- 
Sommerfeld quantizing condition for the determination of electronic 
orbits, which was stated in the form 

^PkQkdqk == rih, 

where n is an integral value, pk and qu are “ canonically conjugated ” 
variables (see Chapter IV), and the circle on the integral sign indicates 
that the integration is to be carried out over the whole orbit (periodic 
path). 

From equation (63) it is possible to deduce the Principle of Inde- 
terminacy, and it is also clear, since pk and g*, do not commute, that 
these variables cannot have the same relative significance in the new 
theory as they had in classical mechanics. 

It is of interest to point out further in what manner use may be made 
of the operator concept in deducing a physical result. 

In section 3 we considered the interpretation of the solutions 

< 1,1 = 

for the motion of a homogeneous beam of electrons in absence of a field. 
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Applying the operator p to each side of the first of these relations, we 
obtain the result 


h d 


(64) 


since a = (2ir/A) V2/iA’. 

That is, the result of operating on the function with the operator p 
leads to a relation in which the coefficient of <l>i is a constant. This 
means, physically, that if an experiment is performed on the beam of 
electrons to determine their momentum the observation will lead to a 
definite value given by the relation 

p = V^. (65) 

The positive sign before the radical indicates that p and therefore 
V — dx/dt is positive. That is, the electrons are propagated from left to 
right. 

Similarly it may be shown that in case of </> 2 , 

p = —V2nE, 


that is, the wave is propagated from right to left. 
The case 

0 = ± r*"® 


or 

leads to the relation 


= 2 cos ax 


= 2i sin ax 


ha 

p<t> = r • sm ax, 


in the first case, that is, 

p (COS' ox) 


ha 

— • sm ax, 
2iei ’ 


and in the second case, to the relation 

ha 


p(sin ax) == — • cos ax. 

aTT 


( 66 ) 


( 67 ) 
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It will be noted that the last two equations differ from (64) where 
the result of operating on the function with p led to a product of a 
constant and the function which it was operated upon. In the case 
of equation (64) we were led to the conclusion, indicated by equation 
(65), that the momentum has a precise value. On the other hand, 
equations (66) and (67) indicate that we may no longer draw a con- 
clusion of this nature when dealing with the function for a stationary 
wave pattern. In fact, any attempt to determine the direction of mo- 
tion of electrons in the latter case will not lead to repeatable results. 
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PROBLEMS OF POTENTIAL BARRIERS 


The logic of the S. method and its applications may be understood 
most readily by a consideration of a very important class of problems — 
those of the transmission of electrons through potential barriers. The 
recognition that it is possible, on the basis of the new point of view, for 
electrons, possessing a given kinetic energy Ej to penetrate into a region 
for which the potential energy U exceeds E — this conclusion, derived 
on the basis of the S. equation, has enabled us to interpret such ob- 
servations as those on radioactive disintegration and the emission of 
electrons from cold cathodes in the presence of high field strengths. 

3.1 Reflection of Electrons at Semi-Infinite Potential Barriers. The 
simplest problem, which at the same time illustrates the difference 
between the conclusions which would be drawn from arguments based 
on classical mechanics and those derived on the basis of the S. equation, 
is that of a beam of electrons incident on a boundary, at which the 
value of the potential energy increases abruptly from 0 to U. 

Let us consider a homogeneous beam of electrons of kinetic energy E 
moving along the x-axis from left to right, and incident at x = 0 on a 
boundary at which there is a retarding potential U = Uq for all values 
of X ^ 0. Two distinct cases arise here: one, illustrated in Fig. 8, for 
which E > Uq) the other, illustrated in Fig. 9, for which E < Uo- 


"T" 


^ 

E 



1 


Uo 

Jr x*->- 

I — 
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Uo 

1 

E 
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Jl 


Fia. 8. Semi-infinite potential 
barrier; Case I. E > Uq. 


Fig. 9. Semi-infinite potential 
barrier; Case II. E < Uq. 


In Case 1 {E > l7o), according to classical mechanics, a particle 
passing from left to right would merely be slowed up in crossing the 
boundary at x = 0. On the other hand, in Case II {E < Uq), there 
would be complete reflection. While quantum mechanics also shows 
that there is a difference in the behavior of the particles in these two 
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cases, certain conclusions are deduced which are different from those 
predicted by classical mechanics. 


Case I. E > Uo- 

Let us designate the region to the left of a: = 0, (f/ = 0) by I, that 
to the right of x = 0, (U = Uo) by II. Let and <^2 denote the wave 
functions for each of these regions. Each function will satisfy a S. 
equation, which will lie of the form 



8tV 

IF 


E<l)i = 0 


(1) 


for region I, and 


d^<l>2 8xV 
da^ 


{E — Uo)<t>2 = 0 


for region II. 

The solutions of these equations are, respectively. 


where 


<1,1 = 

^2 = 


Sir^IxE 

" ~1F~’ 


and 0 


2 _ 


8irV 

IF 


{E - Uo). 


( 2 ) 

(3) 

(4) 


Evidently, « = 27r/Xi, and |3 = 27r/X2, where Xi and X 2 are the 
de Broglie wave lengths in each region. 

Now we introduce the boundary conditions which have to be satisfied 
by <^>1 and <#> 2 , in order that the solutions shall be physically significant. 
The first condition is that at a: = 0 

<l>i = <^2- (3) 


That is, there can be no discontinuity in the value of the wave function 
at the boundary. 

The second condition is that there shall be no discontinuity in the 
slope, that is, at x = 0, 


d(t>i d<l>2 

dx dx 


( 6 ) 


These two conditions are necessary in order to insure the continuity 
in the nature of the wave function as it crosses the boundary at x = 0. 
These are the conditions which are used in classical theory in dealing 
with the behavior of waves at a boundary. Furthermore, we know 
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from the physics of the problem that the incident beam of electrons may 
give rise to two streams, one of which represents the electrons that are 
transmitted from region I into re^on II, and the other represents the 
electrons reflected at * = 0 . From the considerations advanced in 
the pre\dous chapter, it follows that the incident beam must be repre- 
sented by Ae^, the reflected beam by Be""*, and the transmitted beam 
by Since there are no electrons moving from right to left in 

region 11, D = 0. 

Introducing these conclusions into (3) and (4), along with the two 
boundary conditions, equations (5) and ( 6 ), we obtain the relations: 


Hence, 


and therefore. 


A + B = C 
a{A - B) = /3C. 


a — |8 


2a 

a + fi 


•A, 


01 


4 (€*“* + 


ot- ^ 
cc + P 




( 7 ) 


<t>2 = A 


2a 
a + 




( 8 ) 


Thus, if the concentration, that is the number of electrons per unit 
distance, is equal, in the case of the incident beam, to A*, then it follows 
that 

(а) the concentration in reflected beam = A* (- — ^ 

V« + /3/ 

4a* 

( б ) the concentration in transmitted beam = A* • t 75 * 

(« + Pf 

To obtain the coefficient of transmission T and that of reflection R, 
we must compare the “ currents ” in the three beams. The rate at 
which the electrons strike the potential barrier is equal to the sum of the 
rates of transmission and reflection. 
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Now current = (concentration) X (velocity). 
For region I, the velocity wi is given by 


Vi = 



while for region II, 


t'2 


j2(E - Up) _ 

\ n 2irii 


Therefore, 


R 


/a — /3\^ <x c? — 2aP + 
\a + /3/ a (a 


+ ^r 


4a^ /3 4aj8 

(a + ^)^ a (a + jS)^ 


( 9 ) 

( 10 ) 


and evidently R + T — 1, which satisfies the physical requisites. 
Replacing a and jS by the corresponding values in terms of E and Vq, 
it is readily shown that 


R 


L- 




E -Uq 

_B 

^0 


( 11 ) 



Fia. 10. Coefficients of reflection R and transmission T 
for electrons as a function of E/Uq, 


Table I gives values of R for different values of Uq/E as derived by 
means of equation (11), and Fig. 10 shows plots of T and R as functions 
oiE/U^, 
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TABLE 1 


Uo 

E 

R 

E 

Uo 

0.1 

0.0007 

10.0 

0.2 

0.0034 

5.0 

0.4 

0.0161 

2.5 

0.5 

0.0296 

2.0 

0.6 

0.0506 

1.67 

0.7 

0.0852 

1.43 

0.8 

0.1459 

1.25 

0.9 

0.270 

1.11 

1 0 

1.000 

1 0 


Classical mechanics predicts the result /2 = 0 for all values of JSf ^ Uo\ 
quantum mechanics states that even for E = 2.5 t/o» 1-61 per cent of 
the incident electrons are reflected. 


Case II. E < Uq. 

As in the preceding case we consider the two S. equations; 


d3? 


8irV 

IF 


• E<pi = 0 , 


( 12 ) 


and ^ ^ 

The solution of (12) is, as before, 

<1,1 = (14) 

In equation (13a) Uo is greater than E and, hence, the momentum 
and corresponding de Broglie wave length are imaginary. If we write 
the equation in the form 

(f/o _ = 0, (136) 

where Uq — E is & positive gmrUity, the general solution may be written, 
by analogy with equation (2.20), as 

^ = Ce'** + (16) 

where 

|8*=^(t^o-S). 


(16) 




52 


PROBLEMS OF POTENTIAL BARRIERS 


Equation (15) represents the sum of a function Ce**® which increases 
exponentially with increase in x, and another function Dt~^‘ which 
decreases exponentially in the same region. Now purely physical con- 
siderations show that if any electrons actually penetrate into region II, 
as is indicated by the solution 4 > 2 , then the concentration of these 
electrons must decrease rapidly with increase in x. Hence, we must 
put C = 0. 

Applying the boundary conditions stated in equations (5) and (6), 
we deducte the relations: 

A + B = D, 

fa(A — B) => —fiD. 

That is, .-g 

A-B=-‘D. 

a 


Therefore, 


B 


-§(■•!) 

■l(-9 


That is, A and B are complex conjugate quantities. 
Hence, 




2 2i a 


j8 . 

D cos ox — D • - sin aa? 

a 


a \ 


COS ax - 


a , P 

Sin ax 


= D.^H-^cos (ax + 6), 




(17) 


where 


cos S = 
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The average concentration per unit length (Co) in the region » < 0 
is obtained thus: 

Since the de Broglie wave length is given by the relation 

X 2ir 

« 

X w 

^ f X “ \L “*’• 


Let X = B/a. Then we can write cos® ax = cos® 6, and the limits of 
integration are 0 and v. Since 



IT 


2 


Co = 



= 2 I A 1® = 2 I B I®. 


(18) 


Equation (15), with C = 0 and D real, shows that there is a definite 
probability for the occurrence of the electrons in the region U > E. 
The total probability of the occurrence of electrons in this region is 


The ratio P/Cq gives, as E. U. Condon* terms it, “ a kind of mean 
depth of penetration of the particles into the non-classical region.” It 
is evidently 


£ 

Co 


^(a" + ^") ' 


(20) 


and varies from 0 for B = 0 to <» as B tends to become equal to Uq. 
The particles, of course, do not stay in region II indefinitely but ultimately 
return to region I. Also it is evident that with the increasing value of 
the ratio Uo/E (corresponding to increasing values of jS/a) the relative 
probability of penetration, as defined by equation (20), decreases until, 
for jS = 00 , this probability becomes zero, that is, there is no penetration 
of particles into the “ forbidden ” re^on. 

In this case, since 4>i = 0 for x = 0, it follows that 

01 = A(€<“* - 6“***) 

= 2Ai sin ax. 


* E. U. Condon, Rev. Modem Phys., 3, 43 (1931). 
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That is, the eigenfunction represents two streams of electrons of equal 
intensity but in opposite directions. Thus, in the case E<Uo, the result 
obtained for R, the reflection coefficient, is the same as in classical 
mechanics. There is, however, this difference. Whereas the classical 
treatment states that penetration of electrons into the region Uo> E is 
forbidden, quantum mechanics states that there exists a definite prob- 
ability for the occurrence of the phenomenon and that this probability 
becomes vanishingly small as the ratio jS/a tends to infinity. 



Fio. 11. Fonn of eigenfunction for penetration in region E <U. 


Figure 11 shows a plot of <l>i and (^2 for the case Uq = 2E. These 
curves were derived as follows: 

2irX 

ax = = 2xr, 

A 

where 


h 

V2nE 


and r 


X 

r 



Hence, in this case. 


j3x = 2 jit 



2irT. 


Thus cos 5 = sin 5 = 1/V2; 5 = 2ir/8, and the corresponding value of 
r is 0.125. 
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It follows that 

^1 = DV2 • cos 2v(r -h 0.125), 
while ^2 = 


For 

and 


r = 0; <t>i — <l >2 — D, 



d<f>2 

dr 


It will also be observed that Cq = is the concentration per unit 
length in the region U — 0. 

3.2 Electrons between Semi-Infinite Potential Barriers. A problem 
which may be considered at this stage is that of an electron in a potential 
“ box.”^ This is illustrated in Fig. 12, for the case in which 17 = 0 for 
the region x = —a to a; = +o, and has the value U > E sA, all points 
(extending to — oo and + «> ) outside 
this region. What will be the behavior 
of an electron confined in such a region 
which we assume to extend to infinity 
along the y- and a-coordinates? 

The problem is of importance for at 
least two reasons. Firstly, the behavior , ^ , 

of an electron confined between two po- — m > t < - I -j — > | < -- II — • 
tential barriers, such as those assumed in jg i„ustrating behavior of 
the present case, must present similarities electron in potential “ box.” 
to the behavior of an electron bound by 

the electrostatic field around a positively charged nucleus. Secondly, 
the problem resembles, in its simplest aspects, that of electrons in a 
metal. In this case, as is well known, the Mnetic energy of the electrons 
{E) begins to exceed the work function (Fq) for emission, only at 
higher temperatures, and the increase of emission with temperature 
corresponds to an increase in the number of electrons in the metal which 
possess a kinetic energy greater than or equal to the work function. 

In the case shown in Fig. 12 we have to consider three regions: (1) 
that extending from x = —a to x = -j-o; (2) that from x = -fo to 
X = 00 ; (3) that from x=— atox=— oo. Let us write 



a 


2 




8ir^H 

IF 


iUo - E), 


where, as in the previous case, since Uq > E, is a positive quantity. 

* The solution of this problem is given by J. Frenkel, “Einfiihrung in die Wellen- 
mechanik,” pp. 52-55; “Wave Mechanics,” Vol. I. 
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The solutions of the S. equation are given by 

0, = 

<l>.t = 

which makes vanish for large positive values of x, and 

4*iii ~ 

which makes vanish for large negative values of x. 
Applying the continuity relations for a: = o, we have 

<t>i — 4>it 

_ d<t>ji 

dx dx 


From these relations and from similar relations for a: = —a, we obtain 
the four equations 

(i) 

^6-*““ + (ii) 

iaCAe*"" - (iii) 

ia(A£-*““ - B€““) = (iv) 


which is a system of four linear homogeneous equations in the unknowns 
A, B, C, and D. 

From (i) and (ii) by addition, 

2(A + 5) cos ao = (C + Z))£-^“. (v) 


From (iii) and (iv) by subtraction, 

2a(A + B) sin aa = fi{C + D)e-^“. 


Hence, 


tan aa = 


I 

a 


(Vi) 

( 21 ) 


Again, from (i) and (ii) by subtraction, 

2i{A - B) sin aa ^ {C - D)r^, 
and from (iii) and (iv) by addition, 

2ia{A - B) cos ao = -i8(C - i))£-^“ 

Hence, 

tan ao = — -• 

P 

If (21) is valid, then it follows from (vii) and (viii) that 
A = B; C = D = 2A^‘‘ cos ao. 


(vii) 

(viii) 

( 22 ) 


( 23 ) 
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From (22) and (v) and (vi) it follows that 

A = —B; C — —D = 2At^“ sin aa. (24) 

We thus obtain two sets of values of the constants, which satisfy the 
boundary conditions of the problem. The corresponding eigenfunctions 
in the case of equations (21) and (23) are 

^, = 2A cos a® (— o ^ ^ a) 

4 >u = 2 A cos aa • (* > a) • (25) 

= 2 A cos aa • (a: < —a) 

While in the case of equations ( 22 ) and (24), the eigenfunctions are 

4>, = 2iA sin ax 

0,1 = 2iA sin aa ' • (26) 

0 ni = — 2 iA sin aa • 

Equations (21) and (25) thus represent one type of vibration, in which 
for® = 0,0, = 2A, and for® = ±o, 0 , = 2A cos ao, while (22) and (26) 
represent another type of vibration in which, for ® = 0 , 0 , = 0 , and 
for ® = +a, 0 , = 2Ai sin aa, while, for ® = — a, 0 , = —2Ai sin aa. 
For the first type of vibration 0 , has the same value for +® and — ® 



Fig. 13. Symmetrical eigenfunc- Fig. 14. Antisymmetrical cigen- 
tions for electron in “ box.” functions for electron in “ box.” 


(see Fig. 13) and is known as an even function, while for the second type 
of vibration, 0, is antisymmetrical with respect to a change from 
+x to — ® (see Fig. 14) and is known as an odd fimction.® 

* Figure 14 represents, of course, the real function 2A sin coo, which is the modulus 
of the function 0, in equation (26). That is, 0,0, » (2iA sin ax) {—2iA sin ax) = 
4 1 A p sin* ax. 
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It will be observed that in both these cases there is a definite prob- 
ability of penetration into regions for which Vo > E. These prob- 
abilities are determined by and as functions of x, which 

are real magnitudes in both the symmetrical and antisymmetrical cases. 

In the limit, for j3 = «, that is Uo infinitely great, = 0, and 
there is no penetration into the regions outside the “ walls ” at +a and 
—a. Under these conditions equation (21) requires that tan aa = oo 
for/3/« = 00 . 

That is, aa must be equal to an odd multiple of x/2, and therefore 
a = ^^(2n + l); = ^^(2n -b l)^ 


where n = 0, 1, 2, etc. 
Since 


Sw^fxE 


it follows that 



(27) 


where w = 2n -t- 1, is an odd integer. 

Similarly equation (22) requires that cot aa = — « for jS = oo . 

That is, aa must be equal to an even multiple of x/2, and therefore 


and' 



(28) 


where n = 1, 2, etc., and m = 2n is an even integer. 

Equations (27) and (28) signify that an electron between two poten- 
tial boundaries, Uo > E, will behave in much the same manner as a 
stretched string. The electron in the box cannot have a continuously 
varying set of values for the kinetic energy E, but rather these energy 
values will form a series of discrete values, which for Uo infinitely large 
compared with E is defined by the relation 


_ If. 

” \d) 8m’ 


(29) 


where m = 1, 2, 3, etc., and d = 2a, denotes the distance between the 
two boundaries. 
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These are the eigenvalues corresponding to the eigenfundions: 


and 

where 


4 2*-aj 

08 = 2A cos , 

A 

(30) 

.... 2ira5 
= 2At sm — — , 

A 

(31) 


X = = de Broglie wave length, 

V2nE^ 


m TO 


(32) 


Thus 0g (the even function) corresponds to the odd values of to, while 
<l>j^ (the odd function) corresponds to the even values of to. These 
relations are evidently identical with those deduced previously for the 
wave lengths of the vibrations of a stretched string. 

Figures 13 and 14 show the symmetrical (or even) and antisymmetrical 
(or odd) eigenfunctions, respectively, corresponding to values of to 
ranging from 1 to 4. It will be observed that the number of nodes (that 
is, points at which ^ = 0) is always equal to to — 1. 

We shall now attempt to interpret the meaning of <t>e or According 
to the point of view of quantum mechanics, tp^dx is the probability of 
occurrence of the particle or particles in an element dx at the point x. In 
the present case 

= 4A2 cos2 ^ , 


and 


= 4i4^ sin^ 


2irx 

X 


These functions are designated as probability distribution functions, 
and from their form it is evident that they are always real and positive.^ 
Hence, the value of 

0$(ix is real and positive. 

—a 

Now, if we wish to describe an experiment in which we know that 
there is jmt one electron in the box, we must determine the value of A 

^ Plots of these functions are given in Pauling and Wilson, Introduction to 
Quantum Mechanics,” p. 97. 
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to be such that the total probability of finding the electron in the region 
otoa: = +ai8 unity. (This is, of course, applicable only to 
the case in which Uq/E = « .) Hence, 



•/— o ^ 

44* • — / cos* 6dB. 
2vJo 


The limits x = —a and x - aaxe evidently identical with the limits 
X = 0 and x = 2a, and these are identical with the limits B — 2vx/\ — 0 
and 6 = iva/\ = mv, as shown by equation (32). 

Since 


it follows that 



sin* BdB = 


T 
— f 
2 


rt X mv . j 2 

44* ^ = 44* 

2ir 2 


mX 

T 


and 



(33) 


The same result is obtained from (31) by considering the value of 



This procedure, which consists in determining the value of the co- 
efficient 2A which will make the total probability equal to unity, is 
known as normalization of the eigenfunction, and when equation (30) 
is written in the form 





(34) 


the right-hand side is said to be the normalized form of the function, 
while ^4/2 is known as the normalizing factor. In this equation, X varies 
inversely as VE, according to equation (32), and both d and X could be 
expressed in terms of the eigenvalue Em, thus: 




2 

Vmh 


• i2pEm)^ 


•cos 


(35) 
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where m = 1, 3, 5, etc. The normalized eigenfunctions {,<l>x)m will 
have the same coefficients with m = 2, 4, 6, etc., and the sine replacing 
the cosine functions. 

As N. F. Mott has pointed out,® the eigenvalues Em are very close 
together if d is of ordinary dimensions. But as d is decreased toward 
atomic dimensions, the value of the lowest energy level Ei increases 
and the spread between levels also increases. 

These conclusions are evident from a consideration of equation (29). 
For an electron in a box for which d = 2 cm., 

m* (6.55 X 10-2^)* 

4 ■ 8 X 9 X 10-28 


= m2 X 1.49 X 10-22 gjg 
On the other hand, for d = 2 X 10-® cm., 
m2 X 1.49 X 10-22 


Em = 


10 


1-16 


m' 


2 X 1.49 X l(r“ erg 


m2 X 1.49 X 10-“ 
1.591 X 10-‘2 


9.15 m2 electron volts 


= 9.15 e.v. for m = 1 
= 36.60 e.v. for m = 2, etc. 

(The electron volt is the kinetic energy acquired by an electron when 
accelerated through a potential difference of 1 volt.) 

The energy for the excitation of the first energy level in atomic 
hydrogen is equivalent to 10. 12 electron volts, which is of the same order 
of magnitude as the energy corresponding to m = 1 for an electron 
in the case d = 2 X 10-® cm. As mentioned previously an electron 
bound in a hydrogen atom by the field due to the nucleus resembles an 
electron between potential barriers. Thus, the solution of this latter 
problem accounts, qualitatively at least, for the experimental observa- 
tion that the electron in the hydrogen atom exhibits a series of discrete 
energy values. 

An interesting mathematical deduction from equations (30) and 
(31) should be mentioned in this connection. 

Starting with the function 

2ira: mirx 

0„ = CO8— = COS-^» 


* N. F. Mott, ** An Outline of Wave Mechanics,” p. 61 . 
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let US consider the integral 


mivx m^rx , 
cos — - — cos — — • ax, 
2 a 2 a 


where mi is not equal to (mi 5^ m2). 

From trigonometrical formulas it follows that 




since sin (mi + m2)ir = sin (mi — m2)x = sin 0 = 0.‘ 

The eigenfunctions and <^m»» where mi 7n2 are said to be 
orthogonal to each other, and we can generalize this result by the state- 
ment that the different eigenfunctions, corresponding to different values of 
m, form an orthogonal set, that is 

j r»2a 

= 0 (»«1 ^ ”» 2 ), 

0 

where the integration is carried out over the whole range in which the 
functions have physical significance and the bar over the second fimction 
indicates that when <l>m, is a complex function, the conjugate complex 
of the second function is to be used in the integration, since only in this 
manner can the product be made to indicate a real value. 

On the other hand, for any normalized eigenfunction, as shown already, 


J f» 2 a 
0 


,dx - 1. 


The trigonometric functions constitute the simplest types of orthogonal 
functions. Thus, we have 

j rt2ir p2ir 

cos mo; • cos nxdx = I sin mx • sin nxdx 
o •/o 


=/ - 

«/o 


sin mx • cos nxdx 


= 0 for m 5^ n, 


( 36 ) 
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whereas 


cos* nxdx = I sin* nxdx = v, 

0 «/o 


The set of functions 

sin X ^ sin nx cos x cos nx 
y/v y/r V v Vt 

form a normalized orthogonal (or orthonormal) set in the interval 0 
to 2ir. 

In a subsequent chapter it is shown that the different eigenfunctions 
01 , 02 > . • . 0m . • . , corresponding to the 
eigenvalues Ei, E^, ... Em • - ■ which are T * 

obtained as solutions of the S. equation for I f > 

any form of the function U{x), form an or- Uq 

thogonal set. This is also true for the case in | j 

which U and 0 are each functions of two or x -»o a 

more coordinate variables. 

3.3 Transmission of Electrons through Po- pene- 

Barrier ot Finite Extent The rimpleet 
case of a potential barrier of finite thickness is rfer. 
that illustrated in Fig. 15, where 17 = 0 for 

a: < 0, U = Uq for the region « = 0 to » = a, and 17 = 0 for a: > o. 
Case I. E > Uq 

We now write down the S. equation for each of the three regions and 
the corresponding general solutions. 

/x> : Th *^^01 1 2 . « 


(Region I) 


+ « 01 


The corresponding solution is 

0, = + Be-***. 


(Region II) 


^ + ^*0n “ 0, 


where 


8ir*M(B - Uq) 


Solution is 


011 = Ce^* + 

dViii ,2. _ /X 


+ a'^0ni 


(Region III) 
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Solution is 


0III 


F • 


since the beam of electrons is transmitted from region I through II and 
III, and there are no electrons moving from right to left in region III. 
Postulating as in the previous probleijas that, at * = 0, 



01 “ ^11} 




dx dx 

and &t X = a, 



^11 “ ^iitf 


d<f>ii d<t>iii ^ 


dx dx 

we derive the relations 




F 2' 


- = -| 

f 1 _ — ^ ,ta(a+W 

F 2' 


II 


51 
F~ 2 



(38) 


The number of electrons incident per unit time on the barrier at 
a: = Ois 

Ii = \A |\, 


where \ A denotes the concentration per unit length of electrons 
traveling in the direction of increasing values of x, and Vq is the velocity, 
defined by the relation jiivo = V2mE = ha/{2v). (As mentioned pre- 
viously, the notation | A 1* is used to designate the numerical value 
of A A.) 

T his incident beam is partly reflected at a: = 0, and the rate at which 
electrons are reflected is given by 

Ir = \BW. 
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The rate at which the electrons are transmitted into the barrier is 
given by 

where 


fO) — V^2fi(E — Uq) = 


hp 


This transmitted beam is partly reflected at * = o, and the rate of 
reflection is 

Ir-\D\\ 

while that of transmission into the region ® > o is 

Thus, the net transmission coefficient for electrons incident on the 
barrier at x 0 is given by 

I F 1^ 

T = (39) 

Since only ratios of constants occur in (39) we will put F equal to 
unity, and hence the transmission coefficient for electrons through the 
barrier is given by 1 1 M 1*. From relations (38) it follows that 



'--)( 

\ _ “\»o(«+<3)l 

LV «/ \ i8/ V 

a/\ 

^ Pj J 


In this equation we may replace the exponential term by cos 2oj3 = 
cos (ira/X) where X is the de Broglie wave length inside the barrier, 
corresponding to the momentum ys = Xj3/2x. 

As £ is increased more and more with respect to C/q, )3 asymptotically 
approaches a, and | A |* = 1 in the limit. That is, there is complete 
transmission of electrons through the barrier. 


Case II. E <Uo 

According to classical mechanics, the particles incident at the barrier 
are completely reflected. Quantum mechanics leads to a different 
solution, which is of extremely great physical significance. 
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The solutions of the S. equation for this case will differ from those 
given for case I in this respect, that P corresponds to an imaginary 
de Broglie wave length, and hence we have the three relations: 

ix < 0) 

(0 < a: < o) <t>,^ = 

(® > a) <t>tu = 

where the coefficient in the last relation is put equal to unity for the 
same reason as in case I. 

Putting in the conditions valid at a: = 0 and ® = o, we obtain the 
following values for the fom constants: 


A = ^ [ 2 ( 6 ^“ -b e-^) + »■(;- 

(40) 

B =- 

4 \a 

+ ^)(e^“-*"^“); 

(41) 


k P > 

1 taa— -/Sa . 

r 



( ^ id 




In these equations, AAvq represents the “ current ” for the incident par- 
ticles, BBvq that for the reflected particles, and Vq that for the particles 
transmitted through the barrier at a: = o. 

It can be shown very readily from equations (41) and (40) that 

AI^BS = 1, 

while the probability that a particle coming up to the boundary at 
a: = 0 shall “ tunnel ” through the barrier is 



where P(E/U) designates that this probability is a function of the 
ratio E/U. 

From equation (40), it follows that 
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while 

][ _ e-wa I <5ogh (3o _ sinh /3a| • 

Hence, 

AK — cosh* |8o + 7 ^- — sinh* jSa. 

4\a |8/ 

For Uo very much greater than E, ^/a is very large, and cosh /So = 
sinh /So. Hence we obtain the approximation 

1 fl* 

AA = 7 • ~2 sinh* /So, 

4 a 


16*0* 




and 



16 o* 

i3* 


j-2^o 


16 ^ -r*^ 
C/o 


(42) 


Except for values of J?/f7o which are near 1 or 0, the exponential 
term is the important factor, and the equation indicates that except for 
values of E, small compared to those of Uq, there is a finite and measur- 
able probability that a particle will get through a potential barrier if 
the latter has a width a which is of the same order of magnitude as 


1 h 

P 2irV2M(t/o - E) ’ 


Thus, let us consider an electron for which, if {Uq — E) is expressed 
in electron volts V, 


P 


3.89 X 10-® 
== — cm, 

Vf 


Assume E - and_ f7o = 10 in electron volts, then 
^ = 1.30 X 10^ cm.. 
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and we obtain the following values of P for different values of o: 

; o X 10* P 

1.30 0.248 

1.95 0.089 

2.60 0.035 

6.50 10"^ approx. 

Thus P decreases rapidly as a is increased, and, for values of a > 10 A, 
P becomes infinitesimally small; but for atomic dimensions, the prob- 
ability is evidently fairly large. 

This phenomenon of the penetration of particles through potential 
barriers, or the tunneling effect,^^ as it has been designated, is one of 
the most important deductions contributed by the new quantum 
mechanics. R. W. Gurney and E. U. Condon® have described the 
significance of this conclusion as follows: 

In classical mechanics the orbit of a particle is entirely confined to those points in 
space at which its potential energy is less than its total energy. This is not true in 
quantum mechanics. Classically if a particle be moving in a basin of low potential 
energy and have not as much total energy as the maximum of potential energy 
surrounding the basin, it must certainly remain there for all time, unless it acquires 
the deficiency in energy somehow. But in quantum mechanics most statements of 
certainty are replaced by statements of probability. And the above statement 
must now be altered to read . .it may remain there for a long time but as time 
goes on, the probability that it has escaped, even without change in its total energy, 
increases towards unity . . . .^^ 

For instance, let us consider a particle of mass /x and the total energy 
Ey moving in a range where the potential energy function U{x) is of 
the form shown in Fig. 16. If E is less than the maximum value for 

the height of the ^‘hill” between the two 
‘‘valleys,^’ then according to classical me- 
chanics there would be two different types of 
motion possible for the particle, each of which 
is confined to one of the regions I or II. This 
Fig. 16. Illustrating penetra- motion would be of the nature of a vibration, 

tion of particle through bar- different frequencies in each region. 

But from the new point of view. There 
is no longer a definite correlation between simultaneous value of posi- 
tion and momentum as implied by the equation 

£+ uix) = Er 

Instead of regarding the particle as moving with definite velocity at 

• R. W. Gurney and E. U. Condon, Phya. Rev., 33, 127 (1929). 
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any given point, we forget about the particle and consider, instead, the 
properties of the associated wave motion and its “ amplitude ” fimction 
^ which is a function of both x and E. The square of this function, or 
rather is interpreted as giving the probability that the particle 
lies between x and x + dx, when it is in the state of energy E. “ This,” 
as Gmney and Condon point out, “ is really the ground for requiring 
that <t> remain finite. For an energy level, such that <t>{E, x) does not 
remain finite as * — ^ ± « , the probabihty that it is not at infinity is 
vanishingly small, and therefore these states do not exist physically. 
Adopting the probability interpretation of 4>{E, x) one has at once the 
result that there is a finite probability of being outside the range of 
classical motion of that energy.” 

The point of view thus emphasized in the remarks from the paper 
of Gurney and Condon and illustrated by the problems which have been 
solved in the previous section has received a number of important 
applications. As a preliminary to the consideration of these let us 
consider the following problem. 

For the electrons confined between two semi-infinite barriers, it was 
shown that, for values of E not too small compared with those of U, 
there is a definite probability of penetration into the regions U > E. 
If now these latter regions are decreased in extent until they become of 
atomic dimensions, the probability becomes measurable that the elec- 
trons which have entered the barriers will also pass completely through 
them, and this probability will assume a definite value for each discrete 
energy state Em of the electrons in the “ box.” To indicate this we 
may denote the probability by P{Em)- 

Without attempting to solve this problem in detail, it is readily seen 
that, as in Fig. 12, there will exist a series of discrete energy states, 
designated by Ei, E 2 . . . Em, and that the corresponding eigenfunctions 
</>(£?«,, x) will be of the nature of sine and cosine functions of the angle 
ax, where 

a = ^ V 2nEm . 

n 

Furthermore, it is evident that, if 6 denote the width of the region of 
atomic dimensions, for which U > E, the probability of penetration 
will be given, according to equation (42), by a relation of the form 

( 43 ) 


2/36 =^V2^iU-E), 
h 


where 


(44) 
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and F is a function of the ratio Em/U. Except for values of this ratio 
approaching zero or unity, the controlling factor governing the value of 
P will be the exponential term. 

For those cases in which the value of U in the region U > E is a, 
function of x, denoted by U{x), the value of the exponent 2/36 is given, 
approximately, by the expression 

2|86 = y J* V2^{U - E) • dx, (45) 

where the integration extends across the barrier between the two limits 
at which U{x) — E — 0. It is readily seen that for U{x) = Uq in 
the range x = =ta to a? = db(a + 6 ), and U{x) =0 in the other 
regions, this integral gives the result stated in (44). 

3.4 Application to Radioactive Disintegration. As first shown by 
R. W. Gurney and E. U, Condon^ and, independently, by G. Gamow,® 
the theory of the penetration of particles through potential barriers 
of atomic dimensions gives a very satisfactory interpretation of the 
phenomena of ejection of alpha and beta particles from nuclei of the 
radioactive elements. 

As is well known this emission of charged corpuscles occurs spon- 
taneously and leads to the formation of a new atomic species. The rate 
of disintegration of any nuclear type is given by 

-dN = Nydt, 

where N is the number of nuclei which are unaltered at the end of any 
given period tj and 7 is known as the decay constant. This leads to 
the exponential law of decay 

N{t) = JVot-T", 

where No is the number present at < = 0. It is customary to put 
7 = 1/t where t is known as the mean “ life ” of the nucleus. 

For any given nuclear type, the alpha particles emitted are all of the 
same velocity v, or at the most possess two or three discrete values of v. 
On the other hand, the velocities of the beta particles form a continuous 
range of values. For the emission of alpha particles we have the em- 
pirical relation, known as the Geiger-Nuttall law, according to which 

log 7 = -f- B log V, 

where A and B are constants. That is, the life of a nuclear structiu^ is 
shorter, the higher the velocity of the emitted alpha particles. 

^ R. W. Gurney and E. U. Condon, he. cil. 

® G. Gamow, Z. Physik., 61, 204 (1928). 
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In order to account for these observations we have to consider the 
nature of the potential energy function for an alpha particle in the 
neighborhood of the nucleus. From experiments on the scattering of 
alpha particles it is known that the inverse square law of repulsive 
forces applies to within a distance of about 10"“^^ cm. from the nucleus. 
If we denote the charge on the nucleus by +Ze and that on the alpha 
particle by +2e, the force, as a function of the distance r, is given by 
2Ze^/r^, and, therefore, as will be shown in Chapter IV, 



• dr 


2Ze^ 

r 


This is indicated by the hyperbolic portion of the curve in Fig. 17. 

However, in order to account for the fact that alpha particles remain 
within the nuclear structure for a definite period of the order r, it is 
necessary to assume that very close to the nucleus the field changes from 



Fig. 17. Potential energy curve for alpha particle in nucleus of radioactive atom. 


repulsive to attractive. Therefore, the function U will be represented 
very close to the nucleus by the dotted portion in the figure. That is, 
the nucleus is surrounded by a potential barrier of maximum height t/o, 
and if the energy of the emitted alpha particle be represented by E < Uq, 
then according to the arguments which have been given in the previous 
section, there exists a definite probability for the penetration of the 
particles through the barrier. The following remarks on the calculation 
of this probability follow closely the presentation of Gurney and Condon. 

Evidently the probability of emission of an alpha particle will be 
equal to the reciprocal of the mean time t, during which a particle 
remains in the region (I) close to the nucleus before leaking through 
to the outer region (II) where it experiences a repulsive field. For a 
particle of kinetic energy E, the velocity for C/ = 0 is v = \ 2E/ii. 
Hence, the amount of time spent by the particle in unit distance for x 
very large is V /ji/(2JS/), and the time spent in a range of length a is 
therefore aVn/{2E). 
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Now according to quantum mechanics, as shown in equation (43), 
the probability of penetration is of the order 

P « 

where P is defined as the ratio between the probability of occurrence of 
the particle in unit length of the region II and the probability of occur- 
rence in unit length of the region I. “ Therefore since the motion is 
aperiodic and the particle escaping from the range I will in the mean 
only go through unit length of II once, the time t which must be spent 
in range I before getting through to range II is of the order 



where 2/36 is defined by equation (45) and a is of the order of the breadth 
of range I.” 

Hence, the decay constant is given by the relation 

= i (46) 

T ayn 

where the value of 20b depends upon the distance between the maximum 
value of U and the horizontal line corresponding to the particular value 
of E far the emitted alpha paHides. It is evident from this conclusion 
“that if the size of the potential barrier be increased by a small 
factor the probability of escape may be decreased more than a million 
fold.” 

To test this theory, Gurney and Condon have calculated the relative 
lives of Ur, RaA, and RaC^ from the observed values for the kinetic 
energies of the emitted alpha particles, which are 6.5 X 10“*, 9.55 X 
10"*, and 12.2 X 10"* erg, respectively. These values of E are indi- 
cated by the horizontal lines in Fig. 17, while the potential energy 
function for an alpha particle with respect to the nucleus is indicated 
by the curve. From the areas of the portions between this curve and 
the horizontal lines, values of the exponential factor in equation (46) 
were calculated, and these were then used to calculate relative values of 
y, the decay constant. The agreement between these and the observed 
relative values was found to be very satisfactory. Thus, “ it is the 
energy of the emitted alpha particle which determines its own rate of 
decay,” as had been concluded previously from the Geiger-Nuttall 
relation. 

3.6 Emission of Electrons in Presence of Intense Fields. It has 
been shown by a number of investigators that, with extremely high 
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electric fields, electron emission from cathodes occurs even at room 
temperature. This is known as the “ cold-cathode ” or “ auto-elec- 
tronic ” effect. An explanation of the phenomenon on the basis of the 
quantum mechanics has been given by J. R. Oppenheimer® and by 
R. H. Fowler and L. Nordheim.^® 

As mentioned previously electron emission occurs from a cathode 
when the kinetic energy is equal to or exceeds 
the work function. With ordinary electric 
fields the potential energy function for the 
electrons resembles that shown in Fig. 9, 
and the kinetic energy becomes sufficiently 
high to overcome the barrier only at higher Illustrating cold- 

temperatures. But in the presence of ex- ty^ns. 
treraely high electric fields, even at ordinary 

temperatures, the potential energy function is represented by the plot 
in Fig. 18 where 

U(x) = 0 for a; < 0 

U(x) = C — Fx for X 0 



and C denotes the work function, that is, the value of the potential 
energy at a: = 0, while F is the field strength (corresponding to the 
voltage gradient). 

The S. equation which is to be solved in this case is of the form 
cP<b 8ir®u 

^-f--^(F-C' + Fa:)« = 0, (47) 


where E, the kinetic energy of the electrons, is less than C. This is a 
differential equation which differs from those solved in the previous 
sections in that the coefficient in the second term on the left-hand side 
is not a constant, but a linear function of x. However, it is evident 
from the considerations advanced already that if the distance a, indi- 
cated in Fig. 18 as the width of the barrier, is of atomic dimensions, 
there will exist a probability of significant magnitude for the penetration 
of electrons through the barrier. 

From equation (45) it follows that this probability will be of the form 

P{E) = (48) 

® J. R. Oppenheimer, Phys, Rev,, 31, 66 (1928). 

R. H. Fowler and L. Nordheim, Proc, Roy. Soc., A119, 173 (1928) ; L. Nordheim, 
Physik. Z.y 30, 177 (1929). The investigations on this topic have been reviewed by 
S. Dushman, Rev, Modem Phys,, 2, 381 (1930). 
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where iC is a function of JB/C, and 

2/36 = ^ /’“V2m(17 - E) • d® 
/l Jq 


= % rV2niC -Fx-E) • d®. 

« t/Q 


Let C — E = A. Then 


and 


d(A - F®)i = -0) • F(A - F®)id®, 
(il - F®)l f = ^ CiA - Fx)^dx. 

^ Ja 2 Jq 


For® >= a, Fa = C — E == A. Therefore, 
iiry/% 2 _ 4 *- 


^ (C - F)l = j/y^C -Fx-E)-dx, 


and 


(2m)^ (C - F)l 
^ h' 3F 


(49) 


It will be observed that the constant 

1 _ a 
F~ C - E 

takes the place of o, the extent of the barrier, which is the physical 
significance of 6 in the exponential term 
According to Fowler and Nordheim, the coefiBcient K in (48) is 
given “ with sufficient accuracy ” by the relation 



so that the resulting expression for P(F) in (48) is very similar to that 
given in (42) for the probability of penetration where U > Eis constant 
over the extent of the barrier. 

Prom these results, it is possible to derive a relation between the 
electron emission and the field strength which is in agreement with the 
experimental observations. 
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The theory of the penetration of electrons through potential barriers 
has also been applied by Fowler and Nordheim to account for the observa- 
tions on the increase in emission from timgsten when covered by a 
monatomic film of a more electropositive metal ^ 
such as thorium.^* In this case the potential i 
energy function is of the form shown in Fig. 19, ' 

where TFb denotes the work function for the pure ^ 

metallic surface, and Wa denotes the work func- jg potential dis- 
tion when a monatomic film of thickness I covers tribution at surface 
the surface. The kinetic energy of the electrons of metal covered with 

in the metal is denoted by W, and it is to be monatomic filin of 

expected that for values of W between those of electropositive 

TTo and Wj there will exist a probability of 
transmission of electrons through the film, which is of the form 

P = K‘ 

where /3 = ^ - Wa). 

h 



According to L. Nordheim and R. H. Fowler,*® 

,, Si^rkTWj 
* — 

where k = Boltzmann constant = 1.37 X 10“*® erg/deg., and T = 
absolute temperature. 

In this connection the reader will find it of interest to study the paper 
by C. Eckart*® in which the potential function V (x) is represented by an 
analytic function of the form 


F(x) = 


A«““* R€““* 

l-€-“* (l-e-“*)®’ 


where a - 2r/d, and the “ barrier ” is represented by a curve which 
extends from x — — d to x = +d, with the values 7 = 0 at the first 
point and V = constant, for x ^ d. 

The resulting S. equation is of the hypergeometric type and the 
solutions may therefore be expressed in terms of the hypergeometric 
series.** 


“ See Dushman, loc. cU., for a detailed discussion of the observations and their 
interpretation on the basis of quantum mechanics. 

** R. H. Fowler, Proc. Roy. Soc., Am, 36 (1929). 

“ C. Eckart, Phys. Rev., 86, 1303 (1930). 

These series are discussed in most of the mathematical treatises mentioned at 
the end of Chapter II. 
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CHAPTER IV 

CLASSICAL THEORY OF ATOMIC DYNAMICS^ 

4.1 Relation between Quantum Mechanics and Classical Dynamics. 

Mention has been made in previous chapters of the Hamiltonian form of 
expression for the total energy of a system. The formulation of the S. 
equation for any given system involves, as a first step, the description 
of the system in the Hamiltonian form, and it is therefore necessary to 
know how to deduce the latter for any type of system involving two or 
more particles and two or more coordinate variables. Furthermore, 
we shall find that a number of the concepts, such as the Principle of 
Least Action, which are of fundamental significance in classical 
dynamics, have received an extended application in the new quantum 
mechanics. The Hamiltonian canonical equations find their analog 
in the Poisson bracket type of relations which Dirac has utilized in his 
technic of operators, and in numerous other applications of the new 
quantum mechanics we find illustrations of the extension or modification 
of conceptions which were developed in connection with classical 
dynamics. 

It is for this reason, and because we believe that the new ideas cannot 
be grasped fully except in the light of the older developments, that this 
chapter has been written. The important fact that must be realized 
is that the new quantum mechanics represents a type of evolution from 
the Newtonian dynamics — a development, which is a logical conse- 
quence of the Principle of Indeterminacy, of the fact that whereas the 
classical methods were intended to deal with macroscopic phenomena, 
the newer modifications are needed in order to deal adequately with 
atomic phenomena. 

4.2 Kinetic and Potential Energy. The laws of classical dynamics 
are based upon Newton's three laws of motion, of which the second is 
the most important since it gives us a measure of force. 

Let X denote the distance traversed by the particle of mass n at time 
tj imder action of a force F, and let v denote the velocity at this 
instant. 

Then, according to Newton^s second law, the force is defined as the 

^This chapter is based (with modifications at different places) on the author’s 
discussion of this topic in Taylor’s ‘‘Treatise on Physical Chemistry,” pp. 1264-1280. 
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rate of change of momentum, that is 

F 


— (uv). 
dt 


In non-relativity mechanics, n is regarded as constant (independent of 
»), and therefore, 


do 




( 1 ) 


where * is known as the acceleration. 

We can write this equation in the form 

Fdx = y. -^ ‘odt = ~yd(v^). 
dt 2 

If Do and Di denote the values of the velocity at Xo and Xi, respectively. 


Ti - To = W - 




Fdx. 


( 2 ) 


The integral on the right-hand side denotes the work which is dom 
upon the particle by the force F, and the left-hand side denotes the change 
in kinetic energy T. Thus, equation (2) signifies that the work done 
upon the particle is equal to the increase in kinetic energy of the latter. 

In general the system under consideration will consist of n particles 
moving under the action of impressed forces in three-dimensional space. 
Applying equation (1) to each of these particles we obtain the n sets of 
relations 

PiSi - Xf = 0 

PiVt — Yi = 0 ■> (3) 

m. 2. - Zi = 0 

where ju, is the mass of the tth particle, and X,-, X,-, and Z,- are the three 
components of the force acting on this particle. 

The kinetic energy of the system is given by the relation 


T = + ^)> 


(4) 


where i,- = dxi/dt, and the summation is taken over the n particles. 


It follows that 


dT 

dii " 


d/d 



dt \dXi 

and similar equations apply to and 3,. 


— — Xj, 


(5) 
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In the case of conservative systems (which is the only type that will be 
considered in this chapter), it is possible to determine a function of the 
3n coordinates *1 2/1 2i . . . aJn Vn 2n, designated by V, which possess 
the property that the force components are equal to the negative partial 
derivatives of V with respect to the corresponding coordinates. That is 


Zi = 


dF 

dXi 

dF 

dy, 

dF 

dZi 


( 6 ) 


where i = 1,2, . . . n. We can write this set of relations in the form 


j:iXidxi + YdVi + ZidZi) = -dV, 


i=t 


(7) 


thus indicating that the left-hand side of the last equation is an exact 
differential. 

From equations (6) and (5) it follows that we can express Newton’s 
second law in the form of the following equations, of which there are 
3w for the n particles: 


dt \dxi/ dXi 


^/ar\ aF 

dt W»/ % 


0 


( 8 ) 



Now let us consider the set of equations (3). Multiplying these 
equations respectively by the arbitrary small displacements* Sx,-, hy„ 
and hZi, and taking the sum of the displacements for all the particles of 
the system, we obtain the relation 

S [(iUiX.- - Xi)6xi + imPi - Yi)Syi +(p^- Zi)Szi ] = 0. (9) 

^ The symbol B is used to indicate an arbitrary infinitesimal variation. 
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This relation is the analytical statement of what has been designated 
d’Alembert’s Principle. This was first published in 1743 and has been 
regarded as the basic equation of dynamics. In fact, “ Lagrange made 
this principle the basis of the entire subject of dynamics.”* 

In equation (9) let us introduce the substitutions 5xf = it^U; 8yi = 
SZi = ZtcU. This yields the relation 


L + Viyi + Ui)dt - (XA- + Y{yi + Zi^i)dt = 0. (10) 

* L 


But 


and 




XiXidi, = Xjdx. 


Hence equation (10) becomes 


(tT 

— •dt + dV = 0. 

di 


( 11 ) 


Integrating between the limits t = 0 and t = t, this last relation 
becomes 

Tt — Tq Vt — Vo ^ 0 , 

that is, 

T + V = E, (12) 


where Eisa. constant which defines the total energy of the system. 

As an application of equation (10) or (12), let us consider the motion 
of a single particle along the a:-axis under the action of a force F which 
is a function of x. Hence, we can determine F as a function of:a:. 
Given the total energy E, we obtain the relations 


and hence 



(13) 


( 14 ) 


* A. G. Webster, “ Dynamics of a Particle.” 
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For instance, for a body moving under gravity,^ V — fugx, where g 
is the gravitational constant. Therefore equation (14) becomes 



Itetz — 2E/tx — 2gx. 
Then dz = —2gdx, and 




- 2gx. 


For X = E/(ng), t — to, which shows that this is the highest point 
from which the body begins to fall. Let E/{ng) = xq. Then we can 
write (ii) in the form 

< - <0 = - 



that is, 


*0 = 


In this connection it is essential to make some remarks regarding the 
signs of E and V in atomic dynamics. Obviously the kinetic energy 
T is always positive. With regard to the sign of V the case is different. 
Since measurements yield only the difference in potential energy with 
respect to some point in space, which is assumed to be the zero of 
potential, it is necessary in dealing with atomic systems to define 
arbitrarily the state for which F = 0. 

Now let us consider an electron (charge = — e) at an infinite distance 
from a positive charge of magnitude Ne. As the electron approaches 
the latter the force of attraction increases in accordance with Coulomb’s 
law, and the kinetic energy T increases. Since E is constant, V must 
decrease as r, the distance of separation, decreases. 

If now we assume that for r = «, F = 0, then F = F(r) must 
become more and more negative as r decreases. That is. 



This shows that F will always be negative if the negative sign is used in 
the relation ,r « 



^ Slater and Frank, “Introduction to Theoretical PhysicB,” p. 42. 
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That is, for attractive forces the negative sign must he used, and evidently 
a positive sign will indicate repulsion. 

Since V is negative the sign of E depends upon the absolute magnitudes 
of T and V. But in atomic systems, consisting of a positive nucleus 
and one or more electrons, energy must be absorbed by the system in 
order to remove an electron, that is, work must be done on the system. 
Hence, E as well as V must be negative. The same conclusion obviously 
applies to any other system in which attractive forces exist between the 
constituents. On the other hand, in the case of repulsive forces be- 
tween the particles of a system E must be positive. The importance of 
these considerations will become evident from illustrations which will 
be given both in this and succeeding chapters. 

4.3 Generalized Coordinates. Instead of specifying the position of a 
particle by rectangular coordinates, it is more convenient in many 
problems to use some other system of coordinates. For instance, the 
position of the point P may be specified, as shown in Fig. 20, by the 
distance r and the angles a, /3, y which OP makes with the three rec- 
tangular axes. Since 


X — r cos a 
2 / = r cos |8 > 

z = r cos y 


(16) 


it follows that 


cos* a + cos* /3 -f cos* 7 = 1. 


(17) 


Therefore the three angles are not independent, and the position of P 
can be specified by r and any two of the three angles. 





Fio. 20. Illustrating equa- 
tion (16). 


Z 


P 



Y 


Fig. 21. Illustrating cylindrical 
coordinates. 


Other types of coordinate systems are often used in dynamical prob- 
lems because of greater convenience. In cylindrical coordinates the 
position of a particle is specified by the coSrdinates 2 , r, and ??, as shown 
in Fig. 21. Evidently 


a; = r cos 17 

(18a) 

y = r sin ly 

{18b) 

z - z. 

(18c) 
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The most convenient system for problems of central orbits, such as 
those dealing with the motion of an electron about a nucleus, is that of 
spherical coordinates. These are indicated in Fig. 22a, where r = OP 
designates the radius vector, d corresponds to the “ latitude,” and ij to 
the “ longitude.” The connection between the coordinates r, 6, n and 
the rectangular coordinates is given by the following relations: 

X = ON — OM cos ij = OP sin d cos ij = r sin cos ij (19o) 

y = MN = r sin e sin ij (196) 

z = PM = r cos 0, (19c) 

where PM is the perpendicular from the point P to the plane OXY 

(the equatorial plane). 



Fig. 22o. Illustrating relation between rectangular and spherical coordinates. 

For the motion of an electron in the field due to two nuclei separated 
by a fixed distance, confocal elliptic coordinates are used, and in some 
problems still other systems of coordinates may be convenient. 

Corresponding to each of the coordinate variables used to specify 
the position of a particle there will be a velocity component. With 
rectangular coordinates these components are i, and i, and the veloc- 
ity in the direction OP (Fig. 20) is determined from the relation 


( 20 ) 
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For the case of spherical coordinates it follows from equations ( 19 ) 
that 

i = rcm$' 6 • cos i; — r sin ^ • sin ij • ^ ? sin 0 • cos 

^ = r cos ^ ^ • sin + r sin • cos ij • ij + ^ sin • sin 1 / 
i = —r sin 0 • ^ ? cos 6. 

H0IICC 

»* = = ^ + + r* sin* B • (21) 

This result may also be deduced readily from an inspection of Figs. 
22 & and 22c.^ 



PQ=PQ’=rA« 

PQ=FQ’-Ar 
OM«r sin^ 

Fig. 226, Projection on meridian 
plane. 



Fig. 22c. Projection on equatorial 
plane. 


Cylindrical and spherical coordinates are illustrations of a general 
class known as orthogonal curvilinear systems of coordinates which have 
certain common properties. Let these generalized coordinates be 
designated by qi, 52? and ^3. Then it will be found that the three sets 
of coordinate surfaces qi = constant, q2 = constant, and = constant 
intersect at right angles. For each of these systems, the element of 
distance ds is given by a relation of the form 

(ds)* = ai(dgi)* + 02(dg2)* 4 - azidqs)^, ( 22 ) 

® Figure 226 shows a projection of the meridian plane containing the right-angled 
triangle OMP, while Fig. 22c shows a similar projection of the equatorial plane con- 
taining the right-angled triangle ONM, It is evident that rA^ • Ar is the area of the 
element of PQP^Q', From this it follows that rA^ • Ar • r sin 0 • Ai? is the element 
of volume. In rectangular coordinates, the element of volume is Ax • A^ * Az. Hence, 
in the limit, 

dxdydz = r* sin BdrdBdri, 

and it is seen that sin B is the coefficient by which drdBdit must be multiplied to 
convert it into an element of volume. See further remarks in Appendix- JH. 
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where ai, a2, and are coefficients involving one or more of the three 
generalized coordinates. Also the element of volume in terms of any 
orthogonal system of coordinate variables is given by 

dr = dxdydz = V aia2a^ dqidq2dqzf ( 23 ) 

and the coefficient V aia2as is known as the discriminant for the trans- 
formation from rectangular to orthogonal curvilinear coordinates.® 

In general, the positions, at any instant of time, of all the particles 
constituting a given system may be specified by / variables, which we 
shall designate by the letters 51, 92 • • • ?/• For a system of n particles 
the maximum value of / would be 3 n, but usually relations of constraints 
will exist between the particles, so that / will be less than 3 n. If these 
variables are so chosen that / is a minimum they are designated as 
generalized coordinates and / then corresponds to the number of degrees 
of freedom of the system. It is customary to designate these generalized 
coordinates by the letters gi, ^2 • . • and the corresponding generalized 
velocities are therefore ^i, 92 • • • ?/• 

In a system consisting of n particles, the rectangular coordinates of the 
ii\i particle will be expressed in terms of the generalized variables by 
functional relations of the form^ 


Xt = Xi{qu 92 . . . 9/) 
Vi = Viiqif g2 . . . 9/) 
92 . . . 9/) 


( 24 ) 


Hence any arbitrary small variation in Xi will be given by a relation 
of the form 


« ^Xi dXi dXj 

dXi = — 391 + 592 + • . • + ^ ^9/i 

dqi dq2 oq/ 


( 25 ) 


with similar expressions for dyi and dZi. The partial differential 
coefficient dxi/dqi is used in this relation instead of the more exact 
expression da;i(9i, 92 . . • 9/)/^9i> in equation ( 25 ) it will be observed 
that while 8 xi designates a variation in the coordinate variable Xi, the 
symbol Xi in the partial differential coefficient represents a function of 
the / generalized coordinates 91 . . . 9/. 


® For the derivation of equation (23) and discussion of these systems of coCrdinates, 
see Appendix HI, and also the following references: Slater and Frank, “Introduction 
to Theoretical Physics,” p. 200; Pauling and Wilson, “Introduction to Quantum 
Mechanics,” p. 103 and Appendix IV; A. G. Webster, “The Dynamics of Particles 
and of Rigid, Elastic and Fluid Bodies,” Chapter VIII. 

^ The following discussion is based on the excellent chapter, “Advanced Dynamics,” 
in L. Page’s “Introduction to Theoretical Physics.” 
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It follows that the velocity components are given by relations of the 
form 


dxi dxi dxi 

^ * 9 , 1 * • I I * • 


(26) 


with similar expressions for yi and ii. 

Equation (26) shows that the expression for ii {pi or ii) is a homo- 
geneous linear function of the generalized velocities, with coefficients 
which are fimctions of the q’s. Since 

r = Z { + 0 + 2?) } » (27) 


it follows from (26) that T is a homogeneous quadratic function of the 

From this fact may be deduced another important result by applica- 
tion of Euler^s theorem for homogeneous functions. This theorem 
states that if w is a homogeneous function of the nth degree of any 
number (/) of variables Xi, X 2 . . . X/, then 


du du 

nw = Xi • ~ — f- ^2 * T~ 
dxi dX2 


+ . . , + Xf 


du 

dxf 


Since T is a homogeneous function of the second degree in the general- 
ized velocities, it follows from Euler^s theorem that 


dT dT dT 

= + ^2-— + . . . + 

dqi dq2 oQ/ 


(28) 


4.4 Lagrange’s Equations. In section 2 it was shown that Newton’s 
second law of motion may be expressed in terms of rectangular Co- 
Ordinate variables by the set of equations (8). Can the laws of dy- 
namics be obtained in forms which are independent of the particular 
nature of the coordinate system used? This was the question which 
Lagrange, the great French mathematician, answered in his MOcanique 
analytique.” As Lindsay and Margenau describe his achievement:® 


Lagrange proceeded from very general considerations, endeavoring to reduce 
mechanics to pure analysis and emancipate it from the connection with geometry 
which had been one of its outstanding characteristics as developed by Newton. 
With triumphant 4clat Lagrange announced in the preface to his book that ‘Hhere 
are no figures in this work,’’ implying that all had been reduced to algebraic analysis 
(in the large sense). 


We shall now consider the method used by Lagrange in deriving the 
laws of dynamics in terms of generalized coordinates. 

® Lindsay and Margenau, ** Foundations of Physics,” p. 136. 
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In equation (9) let us replace dXi by the expression derived in equation 
(25), and similarly for 5j/,- and Sa,-, and for all the n particles. The 
resultant expression of d’Alembert’s Principle is of the form 



Evidently, 

^'dqu~diV'’dqJ ""^'dtKdqJ 


(29) 


(30) 


and from equation (26) it is seen that 


Hence, 


Also 



(31) 


Therefore, 


dx- 

= — - from equation (26). 
034 


. d ( 3xA 
'di\dqj 




(32) 


Substituting from equations (31) and (32) in (30) it follows that 


* dqu dt\2 dik/ 


_d_ 

dqk' 


Consequently, 




d' d 
di'd^k 


(5^)' 


(33) 


Now (^)m 4< is the kinetic energy along the x-axis of the fth particle. 
If we write down relations similar to equation (33) for and 

and sum up the right-hand sides of these equations, it is evident 
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that the summation of the terms similar to the first term on the right- 
hand side of (33) corresponds to 





while the summation of the terms similar to the second term corre- 
sponds to ^dT/dqit. Hence, we derive the result, 

ZMi - Xi)Sxi + - Yi)dyi + (ji^^ - Zi)Sz^ 

since 

Xi?Xi + YiSyi + Zi&Zi = SV = • Sg*. 


Since F is not a function of the ^’s, it does not alter the sense of equa- 
tion (34) if we write it in the form 


I 

where L = T — V. 

Now Sqi, Sq 2 ... Sq/ are arbitrary variations. Consequently, 
equation (35) cannot be valid unless each of the / expressions in the 
brackets on the left-hand side vanishes identically. That is, for each 
of the f generalized coordinates there is valid an equation of the form 


dt\d^k) 



(36) 


T his is known as Lagrange’s equation, and the function L = L(qk, 4k) 
is known as the Lagrangian or kinetic potential function. 

From the method of derivation, it is evident that the Lagrangian 
equations are valid for any coordinate system, as long as the number of 
coordinates corresponds to the total number of degrees of freedom of the 
system of particles. 

For the simplest case, that of the motion of a single particle along the 
iE-axis, equation (36) becomes 



where X = —dVfdx. 
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Since T = iJds^/2, dT/di — id = momentum, and dT/dx = 0, 
Lagrange’s equation assumes the simple form 

id- X ^0, 

which is Newton’s second law of motion. 

4.6 Motion of Electron in Bohr Atom in Absence of Quantizing 
Conditions.^ By means of the Lagrange equations it is possible to 
derive the equations of motion for an electron in the field due to a 
nucleus of charge + Ne, This is a typical case of central field motion 
and is described most conveniently in terms of the spherical coordinates 
r, $, and i>. The equations for the transformation from rectangular 
coordinates have been given in (19), and the corresponding expression 
for the kinetic energy of the electron is given, in accordance with equa- 
tion (21), by the relation 

T = ^ (f 2 + -t- r® sin® 0 • f). (37) 

The potential energy function, as shown in section 2, is given by the 


relation 



y 

r 

(15) 

Hence, 



dL dT 
df df ^ 

(38) 





(39) 




^ sin* « • < 

ori 

(40) 


dL 

dr 

_ dT 
~ dr 

dV .2, Ne® 

- — =nr(ff‘ + 8m®0 -j?®) 2 - 

or r 

(41) 




^ = /ir® sin cos S 

80 

(42) 




o 

II 

»^l 

(43) 


^ The discussion in this section follows that given by Lindsay and Margenau, 
Foundations of Physics, pp. 139-140. 
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Consequently, the Lagrange equations are as follows : 

^ ^ y sin^ 0 • i}) =0. (46) 

dt \dri ) dri dt 

In consequence of the last equation, 

fir^ sin^ 6 *7j = Cj (47) 


where C is a constant of integration. 

Eliminating rj from equations (44) and (45) by means of (47) we 
obtain the two equations of motion 





(48) 


+ — 5 - - 

2^4k • 2 n) 


r \ 

sm'* 0/ 


and 

d , , cos e 
dt iiT^ sm® d 

(49) 


The fact that the problem is thus reduced to one involving only two 
degrees of freedom shows that the motion occurs in a plane and may be 
represented in terms of the variables r and 6. Consequently, we can 
take the plane as that for which = 0, and we have ?) = 0 and C = 0, 
so that equations (48) and (49) assume the simpler forms 

Ne^ 

Ilf H — 2 — = 0, (50) 

r 

and ^ = 0. (51) 

at 

The last equation leads to the very important conclusion 

imtH = = o, (52) 

where a is a constant, and equation (52) states that the area described 
per unit time by the radius vector, which is equal to (^)r^6, is a constant. 
This constitutes one of Kepler’s laws for planetary orbits. 
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Substituting this result in equation (50) wc obtain the eecond-order 
differential equation for the radial motion of the electron in the form 




df 




2 ^ 


= 0 . 


(63) 


Multiplying through by 2drldt, wc obtain the equation 

dt\dt) u dt\r/ dt\r^) * 

which, on integration, gives the equation 



where jS is an integration constant. 
Hence, 


dr 

dt 





(54) 


Combining this with equation (52), and thus eliminating dt, we obtain 
the differential equation for the orbit in the form 


a 


. . 2Ne^ 0 ? 

^ 1 2 2 
fir 


(55) 


Introducing the variable 

_ « Ne^ 

ixr a 

it is readily shown that the integral of equation (55) is 

where 7 is an integration constant which may be equated to zero, since 
it involves only the location of the polar axis with respect to the axis 
of reference. 

Comparing equation (56) with the polar equation^® for a conic section 

in the form ^ 

- = 1 4* € cos (57) 

r 

10 See supplementary note 1 for derivation of equation of conic section in terms of 
polar coordinates. 
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where I is the semi-parameter, and e the eccentricity, it is seen that 
equation (56) represents a similar curve for which 


ATeV 


(58) 


and e = • (59) 

For e < 1, the curve represents an ellipse; for e = 0, a circle; for 
€ > 1, the curve represents a hyperbola; while for « = 1, it corresponds 
to a parabola. It is therefore necessary to determine the physical 
significance of the integration constant p. 

Now 

E==T + V = ^(i^ + r^P) - — • 

2 T 


Substituting from equations (52) and (54) it follows that 


2 \ fir r 2 

That is, 

2E 

^ = — • (60) 

Since E is negative for a central orbit, it follows that j8 is negative, 
and therefore t, as defined by equation (59), is less than or equal to 1. 
That is, the orbit is an ellipse or circle. 

Let W = —E, m that IF is a positive magnitude. Then it follows 
from equations (58), (59), and (60) that 

2 ^ 2a^W ^ 2Wl 
* “ Wm ~ Ne^ ' 


But 21/ (1 — «*) = 2o, the major axis of the ellipse. 
Therefore 


-W == 


2a 


(61) 


That is, the energy depends only upon the magnitude of the major axis 
of the ellipse and is independent of the eccentricity. 

See supplementary note 2 for discussion of this statement. 
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In section 8 it will be shown how Bohr introduced a quantizing con- 
dition and thus derived the conclusion that the value of 2a, the major 
ajds, cannot vary continuously (corresponding to a continuous varia- 
tion in E) but that the electron can revolve only in a series of dis- 
crete orbits, corresponding to a series of discrete values of E. 

From equation (52) the period of revolution (t) of the electron in its 
orbit may be deduced as follows: 

The area of an ellipse, for which 2a is the major and 2b the minor 
axis, is given by vab. It follows from equation (52) that 

a 

that is, 


But 

b = 

and from equations (59) and (60) it follows that 



irdb 

= 9 

T 

2Trab • /x 

. „ ,1 I - — « 

a 


aVl - 


(62) 


Substituting for b and a in equation (62) it follows that 


T 



1 


Substituting for W from equation (61), we obtain the two relations 




(64a) 

and 

2irNe^\^ 

^ ~ 2 V 2 • Wi 

(646) 


Equation (64a) corresponds to Kepler’s third law for planetary orbits 
which states that the square of the period of revolution varies as the 
cube of the semi-major axis. Equation (646) gives t in terms of the 
total energy E = —W. 

In deducing these relations the assumption has been introduced 
implicitly that the nucleus is at rest. Actually both the nucleus and 
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electron move in elliptic orbits about their common center of gravity. 
The motion of the electron is then described in terms of a particle about 
a fixed center if the “ reduced ” mass no, defined by the relation 


is used, and the radius vector r is defined by the relations 

’■>- ’•(irfs) tfitf)’ 

where r = ri + r 2 . In these relations n and M designate the mass of 
electron and nucleus respectively, while ri and r 2 represent the dis- 
tances of electron and nucleus respectively from their common center 
of gravity.^^ 

It is evident that for M very large compared to n the distance r 2 is 
vanishingly small, so that r ~ ri, and juq “ 

4.6 Canonical Equations. Since each Lagrangian equation is a 
differential equation of the second order, it is more convenient in dy- 
namical problems to replace these / equations (corresponding to / 
degrees of freedom) by 2/ differential equations of the first order. 

In order to derive these equations we introduce a new and very 
important variable p*, the generalized momentum, which is defined by 
the differential equation 


^ 

dik 


(65) 


Since V is not a function of g*. but L = T — V is a function of 
Qi) 92 • • • 9/j 92 , . ■ . and in the most general case of i as well, 

we indicate this by the relation 

L = L{qk, ^k, t). (66) 


In terms of the new variable, Lagrange’s equations assume the 
simplified form 


dt dqj, 


(67) 


^ For detailed discussion of this case the student should consult Ruark and Urey, 
** Atoms, Molecules, and Quanta, and Pauling and Wilson, Introduction to 
Quantum Mechanics.” 

^ The sign « is used to designate approximate, but not exact, equality. 
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From equation (66) it follows that we can write the total differential 
of L with respect to the three sets of variables in the form 


ysqk 


Incorporating equations (65) and (67), the last equation becomes 

( 68 ) 


dL = '^pkdqk + 5) Pkd^k + 
f f 

Now let us introduce a function H, defined by the relation^* 

H = T/Pkik - L. 

f 

Then it follows from (68) and (69) that 


(69) 


= 5 ) I Pkd^k + ^kdpk - fiMk - Pd^k I “ ^ * 
= - Pfcdgfcj 


dt 


(70) 


Since dH is an exact differential, equation (70) indicates that H is a 
fimction of the independent variables pk, qk, and t, that is, 

H = H(pk, Qk, t). 

Hence, 


dH = 2)1^ ■ 'dPk + 'dqk-\-^'di. 

^dpk 


'dqk 


dt 


(71) 


Comparing coeflScients of dpk, dqk, and dt in equations (70) and (71), 
we deduce the three first-order partial differential equations 


and 


dH_ _ dqk 
dpk dt 

(72) 

dH . dpk 

Sg, it' 

(73) 

II 

• 

(74) 


This is known as a Legendre transformation. 



96 


CLASSICAL THEORY OF ATOMIC DYNAMICS 


These equations express the equations of motion in the so-called 
canmical form, and p* and g*, are designated canonically conjv^ated 
variables. The function H = H(ph, Qk), in which t does not enter as 
an independent variable, is known as the Hamiltonian, and we shall 
now proceed to determine the physical significance of this function. 

In this case, dH/dt - 0, and we derive from equation (71) the relation 



which in virtue of the canonical equations (72) and (73) becomes 

^ = ^hPk - ^Mk = 0 . 


Hence, H(pk, Qk) — constant, is a first integral of the differential 
equations of motion (72) and (73). 

Furthermore, by the definition of H, as given in (69), 


H = T.Pkik -T+V. 

/ 

(75) 

But, as deduced in equation (28), 


2T = XQk'jr^X^kPk- 

(76) 

Hence, equation (75) becomes 


H = 2T-T + V=T+V = E. 

(77; 


Thus, /or a conservative system H = H{pk, Qk) is equal to the tota 
energy. 

It is evident, from the method used in the derivation of the canonica 
equations, that if we have two sets of canonically conjugated variables 
qk, pk and Qk, Pk, for which H{pk, Qk) = H(.Qk, Pk) = E, then equa 
tions (72) and (73) are equally valid for both sets of variables. Thi 
conclusion leads to a theory of contact transformations which is of grea 
importance in both classical and quantum mechanics. 

4.7 Hamilton’s Principle and the Principle of Least Action. Fror 
Lagrange’s equations it is possible to deduce two principles which ar 
of extremely great importance in classical dynamics and have thei 
counterpart in qusmtum mechanics. 

By the methods of the calculus of variation it is shown that th 
Lagrange equations (36) are a necessary condition which must I 
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satisfied in order that the integral 

S = r^Ldt (78) 

•'<0 

shall be a maximum or minimum (that is, a stationary value or extremum). 
For the integral S it can be shown that it is actually a minimum. This 
conclusion is usually described as Hamilton's Principle and is stated as 
follows. 

If we compare a dynamical path (that is, one which proceeds in 
accordance with the laws of dynamics) with varied paths which have the 
same termini {in the configuration space) and are described in the same 
time, then the time integral of the Lagrangian function has a stationary 
value for the dynamical path, so that 

8 r^Ldt = 8 n (T - V)dt = 0, (79) 

where 8 denotes that the path is to be varied in any arbitrary manner, 
subject, however, to the conditions mentioned above. 

Since the integral S, defined in equation (78), has a definite value 
which depends only on the initial and final values of the coordinates 
(3i> 32 • • • 31 ? 32 • • • 3/) interval h — to, it 

follows that 


r Ldi = S{ql, ql <i, <o), (80) 

t/ to 

where S is known as Hamilton’s Function. 

For conservative systems, the energy is a constant. Now let us 
compare two infinitely near paths, for each of which the energy is the 
same, and which are described in the same time interval ti — to. Since 
each path is a natural one, and we shall assume that both have the same 
initial coordinates, it is evident that the final coordinates cannot be 
the same for both. 

From Hamilton’s Principle it follows that for a natural path 

S pLdi + 5 /*** Edl = 0. 

•'<0 •'<0 

But L = T — V, and E = T + V. Hence this relation may be ex- 
pressed in the form 

8A=sP2Tdt^0, (81) 

•'to 

where 4 is a function, known as the Characteristic Function or Action, 
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which must be an extremum (actually a minimum) for conservative 
systems. The relation stated in the last equation is known as the 
Principle of Least Action. 

This relation can also be stated in another form, which proved con- 
venient in the classical theory of atomic mechanics. 

Since 

T = 

where t>,- is the velocity of the *th particle of mass it follows that 

A = f = 2 r V»»< • Vidt = Z /* ^PtOidSi, (82) 

•/<o i » *^*0 

where dsf denotes an element of the path. This relation shows that the 
Action corresponds to the sum of the line integrals of the momenta 
taken over the total path from the initial point so to the final point si. 
For a single particle 

= V, 

and therefore 

= ^2piE - V). 

Hence, 

A = P V2MS - V) • ds. (83) 

If F is a function of /-coordinates, then ds is an element of “ path ” in 
the/'dimensional space. 

4.8 The Wilson-Sommerfeld Quantum Conditions. Equation (82) 
can also be deduced by making use of equation (76). Combining 
(76) with (81) it follows that 



Since the value of A depends only upon the initial and final values of 
the coordinates and the energy E, it is an integral invariant. For any 
system for which E is given, the value of A taken between any two 
points in the /-dimensional space (configuration space) must be a 
constant and therefore independent of the particular type of co&rdinate 
system. 

In particular, if we consider a periodic type of orbit, the value of the 
Action, or line integral of momenta, taken over a complete period of 
revolution, must be a constant. 
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Wilson and Sommerfeld therefore postulated that for atomic systems 
this integral, known as the Action integralf and designated hy Ju (one 
for each degree of freedom or coordinate variable) mmt be equal to 
an integral of Planck* s constant h (which has the dimensions of action). 
That is, the Wilson-Sommerfeld quantum conditions are of the form 

Jk = ^ Pkdqk = njji. (85) 

The circle around the sign of integration indicates integration over 
the orbit for a complete period r, where v = 1/r is the frequency of the 
particular motion, and njc is an integer, which may have a different value 
for each coordinate variable. 

Thus, for an elliptic orbit of the electron in the hydrogen-like atom, 
the quantum conditions are given by 

Je = ^PddS = neh ( 86 ) 

Jr = ^Prdr = Urh. (87) 

In this case, as discussed in section 5, 

E = ^(r2 + rW) - — 

2 r 

Therefore, qj, 

W - -g - 


and Pr = Mf*- 

Hence, ® P') " ^ 

and applying the canonical equations corresponding to 6, 


m 

dpe 


6 


m 

dd 


0 = --pe, 


( 88 ) 


(i) 


(ii) 


that is, 


pe = constant = «, 


as deduced in equation (52). 

Hence, 

Je — fpeJ6 — 2ira = ngh. 



100 


CLASSICAL THEORY OF ATOMIC DYNAMICS 


In the case of the coordinate r, 
dH _ , _Pr 

dpr It 


dH ^ 


(iii) 


(iv) 


The last equation is identical with equation (53), and the solution 
has been given in section 5. In order to apply the quantum condition 
it is necessary to evaluate the integral 


Prdr, 

*■0 


(v) 


where ro and denote the minimum and maximum values respectively 
of the radius vector. 

Now from equations (64) and (60) we have the relation 

3 


‘p^ = ttr = ^2nE + 2N^^-^ 




= j2itE + 2Ne*^ 


Jl 


47rV 


= VQ. 

Let us consider the significance of the fimction Q. It is evident 
that 

r^Q 2 , a* 

_ — j .j. 

2nW W 


2iiW 

2 2a 

= — r'^ + 2or — — • 

2ii Ne^ 


= — r* + {a(l + e) + a(l — «)} r — a^(l — «*). 

In deducing these relations use has been made of equations (61) and 
(63). Now from the properties of the ellipse it follows that 


Consequently, 


o(l + «) = o(l - e) = ro. 
2ftW 


Q 


(r - ro) ir„ - r). 


(89) 


and it is seen that Q = 0 for r = ro and r = r„. 
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The evaluation of 

Jr = 2 r^Q-dr 

Jro 


is obtained most readily by application of the theory of functions of 
complex variables, and the result is 


Jr — 2irt 



ATeV \ 
V-2he) 


Hence 


2ir^Nh*n 

(Jr + Jt? ~ (nr + nsfh? 
RchN^ 

o ^ 


(90) 


where R = Rydberg constant (in terms of wave numbers) 

_ 2irh^fi 

~ ch^ ' 


En = energy of atomic system in state of total quantum 
number n, 

n = rir + na = an integer, 
and c = velocity of light. 


More strictly, the problem of the hydrogen-iike atom should have 
been treated as a system of three dimensions, that is, by use of spherical 
polar coordinates.^® 

When the three quantum conditions (involving an additional one for 
the angle ry) are applied, it is found that the value of E is the same as that 
derived in (90) with the only difference that n, the total quantum 
number, is the sum of three quantum numbers rir, n^, and That 
is, E is independent of the individual values of these three numbers and 
depends only on the value of their sum. Thus, for the system in terms of 

^See A. Sommerfeld, ^‘Atombau und Spektrallinien ’’ (Ed. 1924), pp. 772-779, 
and J. H. Van Vleck, Quantum Principles and Line Spectra,” pp. 193-196. See 
also Peirce's tables, formulae 161, 183, and 187. This problem is also discussed 
by L. Page, Introduction to Theoretical Physics,” pp. 567-570, in terms of the 
Action and Angle variables. 

^®See J. H. Van Vleck, Quantum Principles,” p. 193 et seq., and M. Born’s 
“ Atommechanik,” Chapter 111, for a comprehensive discussion of this problem. 
In classical mechanics the solution is more conveniently obtained by application of 
the Hamilton-Jacobi partial differential equation. 
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two variables, we have the possibilities indicated in the following table, 
in which is replaced by the more customary symbol k. 

b 

n nr k Type of orbit 

a 

10 1 CSrcular 1 

2 0 2 Circular 1 

1 1 Elliptic 0.5 

3 0 3 Circular 1 

1 2 Elliptic 0.67 

2 1 Elliptic 0.33 

and similarly for larger values of n. 

Since, as shown in section 5, the total energy is given by the relation 

En — * 

2arb 

it follows from equation (90) that the semi-major axis of the orbit in the 
state of quantum number n is given by 

" 2En 
_n^ 

N'^e\ 

= — 'ffli, (91) 

where oi is the radius of the orbit in the normal state of the hydrogen 
atom. This is usually designated by the symbol Oo, where 


" 4x Vm 


= 0.5283 X 10"® cm. 


Making use of the relations deduced in section 5, it is evident that 
Js = 2wa == 2irVNe^pl 


Hence, 


= 2vVNe^fia{l — 


{Jr + Jef 


where h is the semi-minor axis of the ellipse. 
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The last relation follows from equation (vii) in supplementary note 1. 
The values of 6/o pven in the above table for the different orbits show 
that, with increase in the value of Ur— n — k, the orbits become more 
elliptical. 

In the cases n = 2,n = 3, and so forth, it is thus possible to have two 
or more orbits with the same value of E. Such states are known as 
degenerate, and in the first case we speak of a twofold degeneracy, in the 
second, of threefold degeneracy, and so on. It is only in the presence of 
electrostatic or magnetic fields that this degeneracy is removed. We 
shall meet with a similar situation when discussing the hydrogen-like 
atom in wave mechanics. 

4.9 Mean Values for Central Orbits. In some of the problems involv- 
ing central orbits it is of importance to calculate the mean value of a 
given magnitude M. By definition the mean value is given by the re- 
lation 



where t is the period of revolution, and a bar across the symbol designates 
the mean value. 

For the purpose of comparison with the results deduced by application 
of the S. equation it is of importance, in connection with the problem of 
the hydrogen-like atom, to calculate mean values of r and 1/r for the 
electronic orbits in the Bohr atom.^^ 

From equation (94) we have the relations 

f^-Trdt (95) 

tJo 



(96) 


Now if in equation (54) we introduce the values of /3 and a® given by 
equations (60) and (58) respectively, equation (95) assumes the form 


f 




rdr 

~li7i 


"'■■■ ■ I 

2W 


(97o) 


where Tq and are the minimum and maximum values of r, and 
W — —E, Proceeding as in the deduction of equation (89), we obtain 

For more comprehensive discussion see M. Born, ** Atommechanik,^^ p. 163 et seq. 
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the relation 


_ 2y/Ji 

T Jro 


r^dr 


, = • (976) 

V2F'(r - ro) (r„ - r) 

Let us now introduce the relation for r in terms of the eccentric an- 
omaly u (which is derived in supplementary note 1), that is, 

r = o(l — 6 cos u). 

Then r„ = o(l + e), 

and r© = o(l — «). 

Therefore equation (976) becomes 

a^(l — t cos u)^ • at Bin a ■ du 
at sin u 



Introducing the value of r deduced in equation (64a), it follows that 

f-a(l+0, 

and substituting for a from equation (91), and for e* from equation 
(93a), it follows that 




(98) 


We shall now consider equation (96) which defines the mean value 
of 1/r. Proceeding as in the previous case, we obtain the relation 

dr 


1 r^dl _2 nr p' 

rJo V'WiwJo 


_ 2 nr p^ aeanu ‘ 
" T yjmJo 


V(r - ro) (r„ - r) 
du 


at sin u 
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that is^ 



( 99 ) 


This conclusion is obvious from the fact that the mean potential 
energy is given by 



and is therefore independent of b. 



SUPPLEMENTARY NOTE 1 
EQUATION OF ELLIPSE IN POLAR COORDINATES 

In Fig. 23, OA = a is the semi-major axis, and OZ = h, the semi- 
minor axis. The line QD, which is perpendicular to OA, is the di- 
rectrix; F is focus; and FG, which is parallel to QD, is known as the 
semi-latus rectum (designated by 1). 



Fig. 23. Illustrating derivation of equation for ellipse in polar coordinates. 


Let P be any point on the ellipse, and PQ the distance from QD. 
LetPP = d. 

By the definition of an ellipse, the eccentricity is given by the relation 


That is. 


PQ d — r cos 9 


1 1 COS0 


For r = I, cos 0 = 0, so that I = ed. Therefore, equation (ii) becomes 


1 -f « cos 9. 
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Let Tq and designate minimum and maximum values of r, re- 
spectively. 

For 

r - FA = To, cos d = 1 and Tq - 
For 

r == FO + a - cos d = -1 and (v) 


Hence, 


2a = ro -I- r„ = 


21 


1-^ 


(vi) 


Again 


OF = 


I 


1 - e 

q(i - e" ) 
1 -6 


— a ae. 


Furthermore, 


52 = (ZF)* — aV = e® ^a« + 


= 0^(1 - e ^). 


That is. 


" = v/rr?. 

a 


(vii) 


The area of the ellipse is calculated most readily by using the 
equation in rectangular coordinates 


3^ 

— 4-— = 1 
a2 ^ 62 1- 


(viii) 


X ® z*® / ^ 

ydx = ^ j ^ ~ 


Let 


- s= an dx = a cos ( 


Area 


-^fo 


cos* odd = ira6. 


(ix) 
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In calculating some of the integrals which occur in the investigations 
on central orbits it has been found convenient to introduce a new variable 
u, designated the eccentric anomaly. In Fig. 23 let P' be the point at 
which the perpendicular through P on the major axis meets the circle 
with radius a (the semi-major axis) drawn about 0 as center. Then 
the angle P'OK = u. 

Evidently, 

FK = OK — OF = a cos u — ae. 

But from equation (iii) 

I - r 

FK = r cos 0 = ♦ 

e 

Hence, I — r = ae{cos u — «). 

Introducing equation (vi) it follows that 

r = o(l — € cos u). (x) 



SUPPLEMENTARY NOTE 2 


RELATION BETWEEN AVERAGE KINETIC AND POTENTIAL ENERGIES 
FOR CENTRAL ORBITS (VIRIAL THEOREM) 


The following proof is given by J. H. Van Vleck.'® Equations 
(4.3) and (4.6) lead to the relations of the form 

dV 

«.«.• 


Multiplying both sides by —Xi, proceeding similarly with the equa- 
tions corresponding to yi and 2 ,-, and summing over all the n particles 
of the system, we have 



fiiiXiSci + yiVi + 



(i) 


Now 


djxdi) 

dt 


= Xih + x\ 


(ii) 


and so forth, and furthermore d(xiXi)/dt is equal to zero on the average over a very 
long time interval if the separating distances and velocities of the particles never 
become infinite, and if the center of gravity is assumed at rest. Therefore, the 
average of the left-hand side of (i) equals that of the expression + yi+ z\) 

which is twice the mean kinetic energy T. [See equation (^.27).] Let the potential 
F be a homogeneous function of degree n + 1 in the coordinates. This will be 
the case if the forces of mutual action between particles vary as the nth power of 
the distance separating them. Then the expression on the right-hand side of (i) 
is by Euler's theorem on homogeneous functions [see equation (4-28)] equal to 
(n + 1) F. Consequently the desired relation is 

2T = (n-i-l)f. (iii) 

For motion under the inverse square law, n = — 2, and consequently 

2f = -7, (iv) 


It follows that for central orbits of this type 

f 

E^T+V^-- ( v ) 

A 

Since V is negative for all values of r < «, it follows that E also is 
negative. 

“Quantum Principles,” pp. 20-21. 
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CHAPTER V 

THE LINEAR HARMONIC OSCILLATOR 

6.1 Formulation of the S. Equation and Solution. The motion of 
a particle of mass n acted upon by a restoring force proportional to the 
displacement is defined by the differential equation (;?.6) which has the 
form 

H-^+kx^O, ( 1 ) 

where fc is a constant. The general solution of this equation, as shown 
in Chapter II, section 2, has the form 

X = V • sin {oit + 6), (2) 

where co = Vfc/ju = 2irvoj and vq denotes the frequency of vibration, 
while 5 is the phase angle. 

In order to describe the behavior of such a linear harmonic oscillator 
from the point of view of wave mechanics, it is necessary, as a first 
step, to express the total energy E in the Hamiltonian form, that is, as 
a function //(p, q) of the coordinates and corresponding momenta. 
As shown in equation (;^.21), this relation has the form 

+ f ■ (3) 

where p = n {dx/dt) = momentum, and q is used instead of x to desig- 
nate the coordinate of position. Introducing the frequency of vibration 
i<o = Vfc//t/27r, we derive the relation 

E -U = E = E - 2irVopq^ (4) 

From equation (^.54) it follows that the corresponding S. equation has 
the form 

^^ + ^{E -2t^W)<I> = 0. (5) 

dq h 
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Sx^IxE 

(6) 

Let 


and 

, 4irV»'o 
h ■ 

(7) 


Hence, we can replace (5) by the equation 

+ (a — b^^)4> — 0. (8) 

dq" 

Let us introduce the new variable 

X = qVh = q-2ir • (9) 

A 

Since nhvo has the same dimensions as nE in the expression 
X = h/V2nE, for the de Broglie wave length of a particle having kinetic 
energy E, it follows that s/b has the dimensions of a reciprocal length, 
and therefore x must be a dimensionless quantity, that is, a pure number. 
Also from (9) it is seen that 

d "s/b • d 
dq dx 

d* bd* 

Hence, the S. equation (8) becomes 



Now in order that <t> shall have physical significance, it is necessary 
to obtain such solutions of equation (10) as will permit </> to be finite 
and continuous for all values of x ranging from — <» <o + « . While in 
the case of a linear harmonic oscillator, in ordinary mechanics, the 
particle may vibrate only between the limits x = db V a/b (since at 
these limits the value of U, the potential energy, becomes equal to the 
total energy E), there are no such limitations to the range of values of 
X in which 4> may be finite. For, according to the Principle of Indeter- 
minacy, there is no correlation between simultaneous values of position 
and velocity; the particle may be anywhere along the cobrdinate axis x. 
But it is obvious that <j>$, the probability of occurrence of the particle, 
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as a function of x, must decrease continuously to zero as the values 
3 ; s: ± 00 are approached. It is the introduction of these “ boundary 
conditions ” that is essential for the solution of equation (10). 

It will be observed that for values of * » V a/b, equation (10) assumes 
the form 




Writing this in the “ operator ” form, 

{D^ - 3^)(l> = iD + x){D- x)<l> = 0 , 


it is seen that this equation is equivalent to the two first^rder equations, 


that is, 


— = ±xdx, 


X® 

d(ln0) = dtzd — t 


where In denotes logarithm to base e. 

While this solution is only approximate, since the factorization of 
the operator (D^ — x®) is not justifiable for the case in which x is a 
variable, it does indicate that the solution of equation (11) should 
involve jjg factor. (Evidently a solution involving 

would not be reasonable, since it would correspond to an infinite 
value of </>(x) for x — » 00 .) 

In consequence of these considerations we shall postulate a solution 
for equation (10) of the form 

<A(x) =* *-^(x), (11) 


where ^(x) is a function of x, the nature of which must be determined 
from further considerations. 

From equation (11) it follows that 


d4> 

dx 


— xe ® • \f'(x) + € ® • -j" 
dx 


= — X^ +6 * 


dij/ 

dx 



114 


THE UNEAR HARMONIC OSCILLATOR 


d4, -f # -f dV 


_f? -2? -- d0 -- dV 




Since 6”"*^^^ is not equal to zero (except for a; = ±<»), we obtain, 
by substitution of the value for d^<l>/dx^ indicated by (10) and (11), 
the equation to be solved in the form 




Let us express ^(x) in the form of a polynomial, 

^(x) = a„x” + an-ia:"”^ + • . • + «!» + oq. (13) 

If </>(x), as defined by equation (11), is to vanish for x = ±oo, it 
follows that must also approach zero for large values of x. 

As X becomes infinite, x", as well as tends to become infinitely 
large, so that the value of the product is indeterminate. If, 

however, we make n finite, that is, let the series in (13) have no powers 
greater than x", then it can be shown that will always decrease 

to zero as x approaches ± « . 

From equation (13) we obtain the relations 


2x - ^ = 2na„x" + 2(n - l)a„_ix" ‘ + 2(w - 2 )o,^_ 2 x" ^ . 

ax 


^ = n(n - l)a„x“-2 + (n - 1) (n - 2)x»-® + . . . 


If we substitute these equations in (12) it follows, since this equation 
is valid for any value of x, that the coefficient of each power of x must 
vanish identically. This leads to the “ recursion formula ” 

(w + 2) (n + l)an 4.2 “1“^^ — 1 — 2n^ctn “ 0. 


(14) 
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The series will end with a:”, if the coefficients o»+ 2 , On+ 4 ) etc., are 
each equal to zero, that is, if 


^=2n + l. 


(15) 


where « = 0, 1, 2, etc. 

It is evident that this deduction is analogous to that which was 
previously derived for an electron in a “ box.” The fact that (a/b) 
may assume only those values corresponding to the series of odd inte- 
gers 1, 3, 5, etc., indicates that the S. equation (10) can have solutions 
which are physically significant only for a series of discrete values of the 
energy E. These values constitute the characteristic energy values, cor- 
responding to a series of energy levels of the linear harmonic oscillator, 
and the corresponding solutions for <t> constitute a series of characteristic 
functions. 

Substituting for (a/b) in equations (6) and (7) it is found that the 
energy of the oscillator may assume any one of the series of discrete 
values defined by the relation 

En = hvoin + ^), (16) 

where En is therefore the eigenvalue corresponding to the eigenfunction 

<t>n- 

On the basis of the older quantum theory, the energy states of the 
linear harmonic oscillator were deduced thus: According to equations 

(^.24) and (2.25) 

p — V 2nE • cos ut 

jw . , 

Hence the action integral is given by 

J = ^pdq = ^E^f^ f cos^ ut • d(ut) — — 

\ fc V —TT (t) 2 PQ 

But J = nh (quantum condition). 

Therefore E = nhvQ. 

On the other hand the S. solution leads to an additional term in the 
energy, of value hvo/2. From (16) it also follows that the frequency 
in the nth state is 

Vn - ro(n + I). 

This result is in better agreement with spectroscopic observations 
than that derived from the older theory. Furthermore, equation (16) 
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shows that the energy of a linear oscillator does not vanish at the 
absolute zero, but becomes equal to hvo/2, thus solAring definitely the 
problem of the existence of a Nullpunktsenergie. 

We shall now proceed with the determination of the corresponding 
eigenfunctions. From equations (14) and (15) it follows that 

n(n — l)a» = — [2n — 2(n — 2)\an-.% 

= 2 • 2an^2) 

and that 

(n — 2) (n — 3 )o„_ 2 * — [2n — 2(n — 4)]a»_4 
= -2 • 2 %^, 

whence we obtain the expression for 

r « “ l)a;**“^ , ft(n — 1) (n — 2) (n — 3)*”“^ 

= 

where a„ is an arbitrary constant. 

Now in investigating various t 3 rpes of functions, Hermite, a note 
mathematician of the nineteenth century, discovered a set of fimctioti 
known as “ Hermitian ” (or Hermite) polynomials, which are define 
by the relation^ 

Hn{x) = (-I)"***— 



where n = 0, 1, 2, etc. 

The expression defined by this relation is known as the nth Hermitis 
polynomial and is identical with (17) if we put = 2’*. The first fi^ 
members of the series are readily determined. 

Ho(a:) = (-l)V* • €-»* = 1. 

Hx(*) = (-l)^*-^^=2x. 

Hi{x) = (-l)V* • — (-2® • e-**) = 4*® - 2. 


Hzix) = (-l)V* •£ (4*"*-** 


- 2 «-^*) 


= &E® - 12x. 

Hi{x) = 16®* - 48®® + 12. 


^ These functions and their properties are described more fully in the mat 
matical treatises of Courant-Hilbert and Frank.-v. Mises. 
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From equation (18) the following relations may be derived.* 

= HUx) = 2nH,^i(x). (19) 

Hn+xix) - 2xHn(x) + 2nH„_i (») = 0. (20) 

The last relation makes it possible to derive the higher members of 
the series from the lower members. Combining equations (19) and 
(20), it follows that 

H„+i(x) - 2xHn{x) + Hnix) = 0; 

and differentiating with respect to x, 

H„'+i(x) - 2Hn(x) - 2xHUx) + ff'„'(x) = 0. 

Hence, 

2{n + l)Hn{x) - 2Hn{x) - 2 xHUx) + Hn{x) = 0. 

That is, 

Hnix) - 2xHi{x) + 2nHnix) = 0. 

Evidently the last equation is identical with (12), if we put 
(a/6) — 1 = 2n. 

Thus the eigenfunctions which satisfy the S. equation (10) are of the 
form 

We now have to consider the physical interpretation of these functions. 
As mentioned previously, ^Jlmdx or <^*dx (since in the present case 
is a real function) defines the probability of occurrence of the particle in 
the element of distance dx at the point x. It follows that 

«/®l 

is a measure of the probability of occurrence of the particle in the region 
X 2 > X > xi, and since the oscillating particle must certainly be lo- 
cated in the range ® = ±<», it is necessary that we introduce the 
normalizing factor Nn, defined by the relation 



In order to illustrate the method used in determining the value of 
Nn and also for the purpose of demonstrating the orthogonal properties of 

^Pauling wd Wilson, “Introduction to QuEmtum Mechanics,” pp. 77-82 give 
comjdete details of the derivation. 
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the eigenfunctions which satisfy the S. equation (10), it is necessary to 
introduce the values of certain definite integrals. 

In any standard table of integrals® it is shown that 


' 2 ' 


jr°*«“** • dx = 

^ • (2n - 1)V^ 


2n+l 


( 21 ) 

( 22 ) 


It will be observed that, in the first of these integrals, changes 
sign with change of sign in x. The function e”** • x^”^^ is therefore 
of the type designated as “ odd,” and resembles the trigonometric 
function sin x. 

Thus the area under the plot of the function for the range a; = 0 
to a: = 00 is positive, while the area for the range a: = 0toa5 = —<x> 
is negative, and consequently the total area for the range — « to + “o is 
zero. That is 



-*2 . a.2n+l^ ^ 0. 


(23) 


On the other hand, in the case of the second integral, the function 
• ic*” is always positive, whether x is positive or negative. The 
function is thus of the type designated as “ even,” and resembles in this 
respect the function cos x. Consequently, 

p • x^^'dx = 2^* ^ ~ • (24) 

By means of this equation and the expressions for Hn{x) we derive 
the following values: 

Jo = /* <f>oix)dx = f «“** • dx = Vi = No , 

U —X U —X 

11 = r Vi{x)dx = 4 • x^dx = 2Vi = N\ , 

1/ —X t/ —X 

1 2 — f ^(x)dx = f t ~^(4x^ — 2)^dx = 2® • 2\/i = Ng , 

•/—X t/— X 

where No, Ni, N 2 denote the normalizing factors corresponding to 
n = 0, 1, and 2, respectively. 

®For example, L. Silberstein's “Mathematical Tables,” G. Bell & Sons, London. 
See also Appendix III. 
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More generally, if we express in the form 

<<>n = « ^ (an*" + + •••), 

where a„, an- 2 , etc., are the coeflScients in the power series of the nth 
Hermitian polynomial, it is evident that 

/n = r 4u{x)dx = X /* i‘’^o,ra,x''^‘dx, 

U — X — 00 

where ^ denotes that the sum of the series of terms is to be taken for 
the range of values r + s = 2n, 2n — 2, and so forth. Hence, r + s 
is always even, and it follows that In must always have a definite value 

In = Nl 

The value of Nn may be derived as follows. By definition, 

«/— 00 

where Hn is written instead of Hn(,x). Prom equation (18) it follows 
that 


Nl 


Now let us put 






dx 


,n— 1 


•= U, 


and consider the result of differentiating the product HnU. Since 


^(HnU) = H„u'+H'nU, 


we obtain by integration the relation 



= 0 - f H„u'dx + f Hn'udx. 

t/ •— X V 


That the first expression on the left vanishes is due to the fact that the 
presence of the term e"** in all the derivatives of this function makes 
u (and consequently uH„) vanish at ® = ± «> . 

Combining the last relation with equation (19) it follows that 



— 2n / H„-iudx. 

t/— X 
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That is, 


/»oo in/ — -x2\ 

^--00 dz 


^Hn^2-— ^~Z T^dx, 


and by continuing the same procedure, we finally deduce the relation 
(-ir"JV2 = (-!)» . 2"(n!) r Hot-^dz. 

a /— 00 

That is, 

iV» = (-l)^"2"(n!) 

t/— 00 

= 2" • (n!) • J. (25) 

Figure 24 shows plots of the normalized eigenfunctions, that is, 
of <t>n/Nn) for the values n = 0, 1, 2, 3, and 4. It will be observed that, 
for n = 0, 2, and 4, the curves are symmetrical with respect to a change 



from positive to negative values of x (even functions), while for n = 1 
and 3, the curves are antisymmetric with respect to such a change in 
sign of X. Excluding the nodes at x = ±<», the number of these 
is always equal to n. This arises from the fact that Hn(x) is a poly- 
nomial in x", and may therefore be expressed in the form (x — oi) 
(x — 02 ) . . . (x — a„). Consequently Hn(x) must have n roots, that 
is, n points along the axis of x at which Hn(x) = 0. 

We shall now consider the integral 


X OO 

<l>n<l>md^ 

■00 



where m is not equal to n. 
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Assume n = m + p. Then we can proceed to calculate Inm as 
in the case m = n, and we shall obtain the result 


Inm — ^ Hm+pHr 

= K r Hpr^'^dx, 

t/— 00 




where K is a factor involving 2^ and the product ri(n — 1). . . (n — m). 
Now from equation (18) it follows that 




and it is evident that the differential coefficient / dx^ will con- 
sist of a series of terms of the form where r has the maximum 

value p, and the signs of the coefficients will be alternately plus and 
minus. If p is odd, it is evident from equation (23) that the integral 
Inm will be equal to zero. If p is even, it is not self-evident that the 
same conclusion will be valid, and a more elaborate proof is required. 
However, the result may be demonstrated by an actual calculation for 
a simple case. 

Thus, let us consider the product From the values of the cor- 

responding Hermitian polynomials, it is seen that 


nco 

I <l>i<t>3dx = 81 — ‘ix^)dx 

«/ — 00 1 / — x> 


16 • Wv 24V^ 


= 0 . 


22 2 

Similarly, 

r = r - 2) (16x^ - 48*2 ^ i2)d* 

«/ — 00 t/— 00 


P<X> 

= / (64, 

U — 00 


”“3?^ /V.2 

:€ * X 


2246- 


*2 + 1446 -** • *2 - 246 -* 2 ) d * 


64 • 1 • 3 • 5 224 • 1 • 3 144 • 1 


23 


22 


24 = 0. 


That is, the value of <t>n<l>m alternates between positive and negative 
values, as may be seen by inspecting the curves shown in Fig. 24, with 
the result that /„m = 0. This deduction may be stated in the generalized 
form that the solutions of the S. equation form an orthogonal set of eigen- 
functions. As mentioned in Chapter III this conclusion is valid for the 
solutions obtained for the S. equation in all cases, and may be demon- 
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strated to be a logical consequence of a very fundamental mathematical 
theorem.* As shown in subsequent sections, this property of the solu- 
tions of the S. equation is of extremely great importance in dealing 
with a number of problems which arise in quantum mechanics. 

5.2 Distribution Functions for Harmonic Oscillator. We shall now 
consider further the interpretation, on the basis of wave mechanics, 
of the behavior of a particle which, according to classical mechanics, 
executes harmonic vibrations with frequency yo- 

From equation (9) it is observed that in terms of q, the actual dis- 
placement, the dimensionless variable is defined by the relation 



In classical mechanics, the maximum amplitude of oscillation is given 



as is evident from equation (4), since, for this value of q, E — U = 0. 
Substituting for E from equation (16) and using equation (9), the 
corresponding maximum value of x is found to be 

xo = = V2^n^. (26) 

Hence, the motion of the oscillating particle, from the classical me- 
chanics point of view, would be given by the relation 

X = '\/2n + 1 • sin (27rv nt)) (27) 

showing that x oscillates between + V2n + 1 and “\/2n + 1. 

From this it is possible to calculate the probability Pdx that the 
particle will be found between x and x + dx^ Since Pdx is propor- 
tional to the element of time dt required for the particle to pass from 
X to X + dxy 

Pdx = Adty 

where A is a constant which satisfies the condition that 

Hpdx = 1. (28) 

J-Xq 

proof for this statement is given in the supplementary note 1 for the case in 
which the S. equation involves only one coordinate variable. 

®The following remarks constitute an amplification of the calculation given by 
Ck)ndon and Morse, “Quantum Mechanics,” p. 51. 
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From equation (27) it follows that 


Hence, 


dx = \/2n + 1 • 2in>n cos {2irvnt)dt 
= 2in»„(v'2n + 1 — x^)dt. 


Adt = 


Adx 


2irvn^/ 2n + 1 — a:^ 


Introducing equation (28), according to which 


\/2n+l 

/ 


-V2n+1 


Adx 

2in'„'s/ 2n + 1 — 


= 1 , 


it is found that 
and that therefore 


A = 2Vn, 


Pdz = 


dx 

— — ' ■■■ ' ■ • 

xV 2» + 1 — a:® 


(29) 


This result shows that, for the classical oscillator, P increases from 
l/(x'N/2n + 1) at a: = 0 to 00 at a: = lo = ±V2n + 1. On the other 
hand. S.’s solution leads to finite values of Uneven for values of | a; | > ( *o I- 
That is, <t)n has a definite value even for values of x (or q) which are 
forbidden by classical mechanics. 

In the region outside the classical limits, the potential energy U 
is greater than the total energy E, and hence the de Broglie wave length 
is imaginary. From the S. equation (10) it follows that 


Hence for x — xq d^<t>fdx^ = 0, which shows that this constitutes a 
point of inflection. For values of |x| > |a:o|, decreases continuously 
without exhibiting any nodes, and, as mentioned previously, for very 
large values of x, 4> varies as that is, decreases rapidly without 

increase in x. 

Plotting the values of against x, a series of curves such as those 

shown in Fig. 25 is obtained, and designated by A. (The significance 
of IJNn consists in the fact that it makes the area under each of these 
curves equal to f . Since similar curves, symmetrical with respect to 
the 0®-axis, may be plotted for negative values of x, the total area under 
the curve giving as a function of all values of x is equal to I.) 
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The curves designated by B in Fig. 25 give the probability distri- 
bution function as calculated from equation (29), that is, according 
to daasical mechanics. The difference in results derived from the two 
points of view is due, as emphasized in the remarks on the “ tunneling 



Fig. 25. Probability of occurrence of 
oscillating particle according to quan- 
tum mechanics (Curve A) and ac- 
cording to classical theory (Curve B). 

characteristic function, ^ 

Here we find* (since a:o = 1), 


effect, to the complete lack of as- 
sociation in quantum mechanics be- 
tween position and velocity. That 
is, we have here another illustration 
of the application of the Principle 
of Indeterminacy. 

That the probability for the oc- 
currence of the oscillating particle 
in the region | a; | > |'\/2n + 1| is 
considerable, is readily shown by 
calculating the value of (2/N^) 

J ^OO 

<l>^dx in the case of the first 

*0 

^ corresponding to S = hvo/2. 


r r^^dx = 0.1673. 
V ir^l 


That is, there is a 15.7 per cent probability that the particle will occur 
in the region for which the potential energy exceeds the total energy. 

Curves such as those shown in Fig. 25 are known as probability 
distribution curves. As emphasized previously, the Principle of In- 
determinacy states that it is impossible to fix simultaneously the co- 
ordinates of position and the magnitudes of momenta. It follows 
logically that the solution of a S. equation can have only a statistical 
interpretation as regards each of the variables specifying position and 
momentiun. The probability distribution curve represents the infor- 
mation about these variables thus derived. 

It will be observed that, in the graph of any such distribution curve, 
the ordinate is really a differential coefficient. Thus, in Fig. 25, the 
ordinate P should be defined as 



where p is the area under the curve between a: = 0 and x. In the present 
case this area gives the probability for the occurrence of the particle 

* See Bupplementary note 2. 
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between 0 and x, where the total probability of occurrence from 
35=— ootoa: = +<»is taken as unity. 

In classical physics the best-known curve of a similar nature is that 
which represents the Maxwell-Boltzmann distribution law for the 
velocities of molecules, which has the form^ 


1 / m \l 

n' dc ~^\2irkT) 


met 

e~2kT , 


In this equation N designates the total number of molecules, c the 
random velocity, m the mass of the molecule, k the Boltzmann con- 
stant, and T the absolute temperature of the gas. 

From this equation it is possible to derive values of the average 
velocity, the root-mean-square velocity, and the most probable velocity. 
Similar equations may be derived for the distribution of energy, and 
for distribution of velocities in any given direction. 

Another illustration is the plot representing the distribution of 
energy with frequency in the radiation from a black body at any given 
temperature T.® 

This relation has the form 

dE _ ^ 27rp^ hv 


where v = frequency, c = velocity of light, and h = Planck^s constant. 
The total energy radiated is given by 

' Erdv, 

0 

that is, by the area under the curve which gives E,as a function of v. 

6.3 Determination of Average Values. A problem which is of much 
interest is the determination of the average values of the coordinates 
(designated by q) or of the corresponding momenta (designated by p). 
The relations used for calculating these values in quantum mechanics 
follow readily from equations of a similar nature which have been de- 
rived in ordinary mechanics for calculating the center of gravity of a 
body. 

Thus, let us consider a rod of uniform cross section and given length, 
but of variable density p, so that p = p{x) is a function of 35 , the dis- 

'' This is discussed very fully in Tolman’s “Statistical Mechanics." 

‘ See S. Dushman, Taylor’s “Treatise," Chapter XVI. 
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tance from one end. Let Xq denote the coordinate of the center of 
gravity. The moment of any element dx about the center of gravity 
is given by the product, 

mass of element X distance = pdx • {x — Iq). 


Now the center of gravity is that point about which the total 
moment of all the forces acting on each element is zero. Hence, if 
I length of rod, 



For example, if p = po®, that is, if the linear density is proportional to 
the distance x from one end of the rod, then 



Similarly, in the case of two coordinates of position, the coordinates 
* 0 , j/o of the center of gravity are given by the relations 

f f pxdxdy J" y pydxdy 

*** y y y y p^^dy 

where p = p(x, y), and the integration is carried out over the whole 
area of the surface under consideration. It is evident that the de- 
nominator always corresponds to the total mass. The extension of 
these equations to three dimensions is obvious. 

Now, in quantum mechanics, the magnitude 05, or 0* (in case of 
real functions), is a measure of the relative concentration or density at 
any point, per unit length, per unit area, or per unit volume (depending 
upon whether 0 is a function of one, two, or three variables, respectively). 
Consequently, the average values of variables are given by formulas 
fflmilar to those derived above, in which p is replaced by 0* (or 05). If 
0 is a function of x only, the average values of x and p, the correspond- 
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ing momentum, are given by the relations 


^Av. 


PAv. 



(30) 


(31) 


In the case of normalized eigenfunctions, the denominator is equal to 
unity, corresponding to the physical interpretation that the total con- 
centration is to be taken as the standard of reference. 

It will be observed that in equation (31) ^p<l> has been written instead 
of ^p. The reason for this is evident when we remember that in 
quantum mechanics p has the significance of the operator, 


-A. A. 

^ 2n dz 


(See Chapter II, section 7.) 

Hence, 

^p<f>(lx = — • — ■ 
2Tn dx 


dx. 


while ^p has no physical significance. That is, p and <t> are non-commvr 
tative symbols. On the other hand, x and <l> are commutative, so that 
we could write ^x, but it is customary to write the product in the 
form given in (30) in order to preserve the analogy with (31). 

As an illustration of the application of these equations let us consider 
the following problem. Given the state of a system of particles repre- 
sented by the eigenfunction 

0 = A6*“* -I- (32) 


what are the average values of x and of the momentum? 

The physical interpretation of the two terms on the right-hand side 
of this equation has been considered previously in Chapter II, so that 
the following remarks merely supplement the previous discussion. 

Let us now apply equation (30) to each term in equation (32). For 
the first term 


^Av. 


/ oo 


AXxdx 


X OO 

AXdx 

-30 



= 0 , 
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which may also be deduced from the fact that x changes sign in passing 
from X = —00 through a: = 0 to »=+<», and that therefore the 
area under the line y = AAx and the axis of a: for ® = 0 to a: = <» 
cancels the area for a: = — « to ® = 0. 

Similarly, ®at. for is found to be equal to zero. That is, the 

function <l> in (32) represents a state in which there are just as many 
particles on one side of a: = 0 as on the other. 

For the term the average momentum is given by 


Pav. = 


/CO 

-00 




£ 




h 

2r 


/ QO 



ha 


Similarly, for the term 6“^®, the average momentum is found to be 
—ha/2v. 

In the case of the function 0, defined by equation (32), the average 
momentum is obtained from the relation 


Cl • Pi + C2 • P2 
PAv. ~ * 

Cl + C2 

where Ci denotes the concentration per unit length of particles with 
momentum pi, and C 2 the concentration of particles with momentum P 2 . 
In the present case ci refers to the particles possessing momentum 
ha/ (2ir), and C 2 refers to those with momentum —ha/ (2ir). The values 
of the concentrations are given by 

Cl = Ae<“® • le-“® = I A 1^ C2 = 1 B 1“. 

Hence, 

I A |2 - I B [2 fwc 
pay. - |2^ |5|2'2^' 

From this resxilt it is evident that the sign and magnitude of pav. 
are governed by the relative magnitudes of j A and j B I®. 

As another illustration we shall determine average values of x and 
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of p for the linear harmonic oscillator. In terms of the normalized 
functions, 


-j-.r 


e • xdx. 


Now is always positive, so that the product of this function 

with X changes sign at a; = 0. Hence the integral vanishes. That is, 
there is an equal likelihood for the occurrence of the particle on either 
side of the origin. 

Again, 

1 /•* -- k df "I 


da dx 


Hence, 


hVb -f 
~ 2inNlJ-J 


/ « _*? d r --- 1 


= HUx) 


x2 ®2 


* 2 _ ^Hn(x), 


so that the expression to be integrated is 

r^^[Hn(x) . H'(x) - xH^(x)]. 

It is evident that each of the terms in this expression is an odd 
function. For, if H„(x) is a polynomial of the form 0 *®*, Hn(x) must 
be of the form Consequently the product HnHn will consist 

of a series of odd powers of x, while xHn must be an odd function for 
the reason mentioned in discussing the value of »av. Therefore Pav. 
must also be zero. 

That is, it is not possible to perform any experiment by which either the 
position or velocity of the oscillating particle may be determined at any given 
insiard. 

The argument by which this conclusion was derived was essentially 
to the effect that in both cases the expressions to be integrated con- 
tained odd powers of ». It is therefore evident that the average values 
of and p* will not vanish. 



130 THE LINEAR HARMONIC OSCILLATOR 

It should be observed in this connection that the operator p refers 
to the coordinate of position q, so that 

_ h d _ hVb 

^ 2irt dq 2n dx 

and 


By definition of the average value, as given in equations (30) and 
(31), 

• x^Hl{x)dx, (33) 

iV li*/— 00 


P*Av. = 


h% 

4ir^Nl 


X 




Hn{x) 




'^H^{x)\dx. 


(34) 


The exact calculation of these integrals in the general case involves 
more elaborate methods than those that may be discussed in the present 
connection. However, it is possible to carry out the calculation for the 
case Ho(x), that is, for the zero energy state, for which the energy 
Eq = hvo/2 and Hoix) = 1. Substituting in equations (33) and 
(34), we obtain from equation (24) the relations 


and 


X^Ay. 


1 

— / • x^dx 


1 

2 ’ 


V\y. = 


J_ 

V5F 



JL 

4^2 ’v? 



2 / 


“Sir* 


A* • 4ir*;«j'o 
A- Sir* 


from (7) 



( 35 ) 
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According to classical mechanics, the kinetic energy of the oscillating 
particle is T = p‘/{2ij,), and this varies from T = 0 at the limits of 
vibration to T = Eo when passing through g = 0. Consequently, 
the average value of T is Eo/2, and as will be observed from equation 
(36), the average value of pV(2m) on the basis of wave mechanics is 
found to be equal to Eq/2, as in the classical case. 

Since = 0.5, it follows that V a^Av. = d= V^O.5 = ±0.707, 
where j ] = 1 represents the maximum amplitude of vibration. 

5.4 Probabilities of Transition.^ In connection with the calculation 
of probabilities of transition from one energy state to another, it is neces- 
sary to calculate the integral 

•J mn ~ S (3®) 

where n and m refer to two different states for which the energies are 
En and Em respectively. The integral in (36) is known as a matrix 
compmmt integral, because it is of fimdamental importance in the type 
of quantum mechanics introduced by W. Heisenberg which has been 
designated as matrix calculus. 

In terms of Hermitian polynomials 

J f! ~ J mnfi n ~ C * ‘ Hm(p^)^dx. (37) 

U — 00 

Since 

£ = -2xr^^HnHm + r^\HnK + HmHn), 

we can, by repeated application of the standard formula for integration 
by parts and cancelation of identical terms of opposite sign, write 

" + r H- 

(For convenience we shall omit the limits of integration in writing the 
integral.) 

Since Hn (x) vanishes at a: = ± <» , the first term on the right-hand 
side disappears. Also, according to (19), we may replace Hm and H'„, 
respectively, by the expressions 2mHm-i and 2nHn-i. Hence we 
derive the relation 

Jff = mj r^HnHn^idx + nf r^^HmHn-idx. (38) 

® This topic is discussed in Chapter XV. 



f r^^HmHndx. 
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Now, as stated previously, the functions 0n = « n form an orthog- 

onal system, so that for n 7 ^ ky 


<l>n<i>kdx = ^ C^^HriHylx = 0. 


or 


Therefore, the integrals in (38) will each be equal to zero, unless 
n = w — 1, that is m = n + 1, 

m = n — 1. 


In other words, Jmn has a definite value only if m differs from n by 
+1 or —1. The physical interpretation of this conclusion is that in the 
case of the linear harmonic oscillator the only possible transitions are 
those between adjacent states, for which An = zfcl, and therefore 
AJE? = dtihvQ* 

Let us consider the case m = n + 1. Then 

= (^ + Cr^^Hldx = . 

Nn+lNnJ Nn+l 


^ n+l-^ n 

Using equation (25), we obtain the result 


Similarly, it follows that 


jn+1 

2 


(39) 


( 40 ) 



SUPPLEMENTARY NOTE 1 


PROOF THAT SOLUTIONS OF THE SCHROEDINGER EQUATION FOR 
ONE DEGREE OF FREEDOM ARE ORTHOGONAL 

For the case in which the S. equation is expressed in terms of a single 
coordinate variable, the proof that the solutions form an orthogonal 
system is as follows. 

Let us consider the S. equation of the form 

F)^ = 0, . (i) 

where = Sir^n/h^. 

Let \l/m and denote any two solutions valid for the range a; = — « 
to a; = + 00 , and let Em and En denote the corresponding eigenvalues, 
which are not identical. In the general case ypm and will be complex 
functions, so that in order to obtain a real magnitude we must take 
the product or 4'n- 

In consequence of (i), we have the two relations 

^ + kHEm - V)4'm == 0, (ii) 


^ + kHEn - V)^n = 0. (iii) 

If we multiply the first of these equations by and the second by 
yf/fnt and integrate between the limits x = ± oo , we obtain the relations 

f ^n'Pmdx + J k\Em “ V)>Pmindx = 0, (iv) 

/ + J kHEn - V)fmfndx == 0, (v) 




where 4'm = > ^od similarly for 

Subtracting (iv) from (v), the term involving V cancels out, so that 
J h^m)dx + k\En “ Em) f Mndx = 0. (vi) 
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Now 

Also 

^ i'l'tj'n) = ^m^'n + ^'iCpL 

Hence, 

J ('f'm'f'n - 4'n^m)dx = J » “ ^n^m)dx = 



since 4'm and as well as their differential coefficients, all tend to 
become equal to zero as the limits are approached. 

Consequently, equation (vi) reduces to the relation 

k^iE„ - Em) f ^mindx = 0. (vii) 

«/ — 00 

Since is a finite quantity, and En is not equal to Emt it follows that 



(viii) 


That is, any two eigenfunctions corresponding to two different energy 
states are orthogonal. 

The use of the designation ‘‘ orthogonal ” is due to the analogy be- 
tween relation (viii) and that which expresses the condition that two 
vectors shall be at right angles. Thus we can represent a momentum 
p = pVf in both magnitude and direction, by a straight line of length 
p (a scalar magnitude) which is drawn with respect to the three rec- 
tangular axes of coordinates in the direction of motion. The line thus 
drawn constitutes a vector. Let Ox) ^yt be the angles between this 
line and the three axes of coordinates. Then the components of mo- 
mentum along the three axes are given by 

p* = p cos dx, 

P„ = P cos By, 

p, = p cos dx, 

so that 

^2 1 „2 I 2 2 

Vx-rVv + Vt — P ■ 

Now suppose we have another vector P with components P* = Pcosij*, 
etc., where ij* is the angle between the vector P and the axis of x. 



ORTHOGONALITY OF SOLUTIONS OF S. EQUATION 135 


Let <l> denote the angle between the two vectors p and P, Then, 
it follows that 

cos = cos Ox • cos rjx + cos By • cos fly + cos Bz • cos rig. 

Consequently, 

pP cos <t> == PxPx + PyPy + PzPz- 

The product on the left-hand side is a scalar magnitude. In vector 
notation this is written p • P and is known as the “ dot product of 
the vectors. 

In order that the two vectors shall be at right angles, it is necessary 
that <t) = 7r/2, and that cos </> == 0. Hence, the condition for the or- 
thogonality of the two vectors is given by the relation 

PxPx + PyPy + PzPz = 0. 

If now we assume a space of, say, n dimensions and consider two 
vectors in this space, each with n components along the n-axes of 
coordinates, the last equation becomes 

ILtiPkPk = 0 , 

where k has all values ranging from 1 to n, and denotes the sum of 
all these products. By extending this argument to a space of an in- 
finite number of dimensions, and regarding (pm and as vectors in 
this space, equation (viii) follows logically. 
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THE GAUSS ERROR FUNCTION 

The curve for <l>o{x) is essentially the same as the Gauss error 

curve, which is ordinarily expressed in the form^^ y = “ 7 = • 

V TT 

this expression h corresponds to the absolute measure of precision, 
and X is the magnitude of the deviation from the mean value. Thus 
y is Si measure of the probability of occurrence of a deviation of mag- 
nitude X, 

The prohability integral is given by 

For /i = 1, the integral is known as Gauss’s Error Integral, or the 
‘‘ erf ” function, and is designated by 



The following table gives values of this integral for different values of 
X, as taken from L. Silberstein’s “ Mathematical Tables.” 

X 

0.0 

0.25 
0.6 
0.75 
1.0 
1.6 
3.0 


The problem of the linear harmonic oscillator is discussed in all the treatises 
on quantum mechanics (see list in Appendix I), but the reader will find it of special 
assistance to consult the following; 

1. Condon, E. U., and Morse, P. M., “Quantum Mechanics,^* pp. 47-52. 

2. Pauling, L., and Wilson, E. B., Jr., “Introduction to Quantum Mechanics,’' 

pp. 67-82. 

3. Darrow, K. K., Bell System Tech, J., 6, 653 (1927). 

4. SoMMERFBLD, A., “Wave Mechanics,” Chapter I. 

See, for instance, Mellor's “Higher Mathematics.” 
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0.0000 

1.0000 

0.2763 

0.7237 

0.5205 

0.4795 

0.7112 

0.2888 

0.8427 

0.1573 

0.9661 

0.0339 

0.99998 

0.00002 


COLLATERAL READING 



CHAPTER VI 
THE RIGID ROTATOR 


6.1 The Schroedinger Equation in Three Dimensions. In order 
to discuss such problems as that of the rotational energy states of a 
diatomic molecule, or the energy states of a hydrogen-like atom, it is 
necessary to formulate the S. equation in three dimensions. As for 
the equation in one dimension, we employ as a starting point the equa- 
tion for the propagation of a wave motion, which with rectangular axes 
has the form 


d^\[/ c) V 
dx^ dy^ dz^ 


= vV = 




( 1 ) 


where \[/ is the amplitude, is designated the Laplacian differential op- 
erator, and u is the velocity of propagation of the wave. This is a par- 
tial differential equation of the second order, and the complete integral 
must define ^ as a function of the three coordinate variables and of the 
time t 

As in solving equation (;?.43), we assume a solution of the form 
y, z, t) = y, z) ■ 


where v\ = u, and consequently 


Hence, 


aV 


— 4tV • <f){x, y,z) • t 


= —4:T^V^. 


’ dt^ 


47rV 


4^2 

X2 


<^(x, y, z) 


*-2'*“*. 


Since 


dx^ dx^ 


and similar relations apply for d^4'ldy^ and it is evident that 

the solution of equation (1) satisfies the solution of the partial 
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differential equation 


d^<l> d^<l> 6^ 4ir* 


•« = 0 , 


(2a) 


or 

4-2 

v2^+_.^ = 0. (2&) 

By substituting in the last equation de Broglie’s relation for X, we 
would obtain the corresponding S. equation in terms of rectangular 
coordinates. However, in problems involving rotation about an axis of 
symmetry, or motion of a particle in a central orbit (e.g., the motion of 
an electron about a positively charged nucleus), it is much more con- 
venient to express the Laplacian operator in spherical codrdinates. This 
type of coordinate system is illustrated in Fig. 22a, Chapter IV, and 
the relations between the coordinates r, d, -q and the rectangular co- 
ordinates were given in the equations in (4-19). 

The object of such a transformation of coordinates is, as will be shown 
by the subsequent argument, to express the S. equation in such a form 
as will make it possible to separate the partial differential equation into 
three ordinary differential equations, each corresponding to one of the 
three generalized coordinates. The method is thus analogous to that 
used in Chapter IV for the solution of the problem of the hydrogen-like 
atom in terms of spherical codrdinates. 

6.2 Rules for Transformation of Codrdinates. In Chapter IV, 
section 3, it was mentioned that spherical polar coordinates constitute 
a special case of a more general class known as orthogonal curvilinear 
systems of coordinates.^ It has been demonstrated that the three- 
dimensional S. equation can be separated only in those cases in which 
it is expressed in terms of such generalized coordinates. Designating 
these by qi, q^, and qz, the element of distance ds is given, according 
to equation (4.22), by a relation of the form 

(ds)^ = ai(dqi)^ + Ozidqz)^ + az(dqz)^, 

where each of the coefficients Oi, az, and az is in general a function 
of qi, qz, and qz. 

By the application of the theory of vectors* or by the application 
of the methods of the calculus of variations,* it is shown that in terms 

‘See Pauling and Wilson, “Introduction to Quantum Mechanics,” pp. 104 and 
443, for further discussion. 

* See Appendix IV, Section 13. 

^ Courant and Hilbert, p. 194. 
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of the generalized coordinates 

o. 1 r ^ d<f>'' 


= 


v 0 j 02®3 


d / V (IxCK2^3 d<t> \ ^ 

.dqi\ Oi dqj dq 2 \ 


€li(l2^3 50 N 

" ■ 

^92) 


1 ^ /g^ 

d 53 \ a 3 ^dqjy 

and that the element of volume dr is given by 

dr = dxdydz = V aia2Ci^ • dqidq2dq^j 

where the expression v aia2a3 is known as the discriminant 
It will be observed that since ai, a2, and 03 may each be functions 
of qif q2y and 33, the order of operations is important. That is, 

d /V aia2a^ d</) V ^ • i x- 1 aia2a^ dV ^ 

— I . — I ig not identical with -—9 * The operators 

dqi\ ai dqi/ ai dqf 

are non<ommutativej and in deriving the S. equation this is of extreme 

significance. 

Now in the case of spherical coordinates, as stated in Chapter IV, 
we have the following relations 

9 i ^ r; 32 = 6 ; 33 = m 

and ai = 1; 02 = r^; a3 = sin^ d. 


Hence 


and therefore 


V aia2as = r^ sin d, 
dr = sin Bdddrjdr. 


Consequently equation ( 3 ) assumes the form 

VV • — ) + --( Sind • — J + t-v*-: — ;;‘T"] r' (^) 

sin d t dr \ dr/ dd \ dd / dry \sm d diy/ J 


It is evident that 


dr \ dr/ dr \ dr/ 

= sin 0 ( 2 r • — + r* * ~ 
\ dr dr 

d / d*\ dd> d^4 


dd> . ^<i> 

cosl>-- + s,n)-^ 
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, d / 1 d<t>\ 1 d^<i> 

And — I — • — J = — • — o * 

dti \sin d di)/ sin 0 dir 

where ^ = ^(r, 0, ri). 

Thus, for periodic motions of a particle in three dimensions, equation 
(2&) with the value of the Laplacian operator given in equation (4) 
takes the place, in quantum mechanics, of the energy equation used 
in ordinary mechanics, which is of the form 

E = sin® • ij®) + F(r, 0, n), 

where the first term, as indicated in equation (4.37), expresses the kinetic 
energy, and the second term, the potential energy as a function of the 
coordinate variables. 

This equation is customarily written in the Hamiltonian form 

B - H(p, ,) - i (a + ^ + + y <r, 0, ,), (6) 


and is the form which equation (. 4 . 88 ) assumes for the general case. 

Under certain conditions equation (4) assumes simpler forms. Thus, 
for constant valve of r (rotation of a sphere about an axis), d/dr = 0, 
and the Laplacian term becomes 


V®<^ = 


1 3 /. . 1 

r®sin0‘aA®‘” d0/'^r®8in®0 


d^<f> 

a,®' 


( 6 ) 


For the case of plane polar coordinates (r, jj) the Laplacian may be 
derived from the relations 

X = r cos 71 
y = ran 71 

as follows:* 

Since r = V a:® + j/®, and tan ij = y/x, therefore. 


dr _ X _y . ^ _ y , 0y 

dx r’ dy r'dx r® ’ aj/ r® ' 

d®r _ 1 X ar _ 1 a:® ^ 
a*® r r® ax r r®’ 


^ — )l yl . ^ — A.( ^y 

dy2 J. jS > ^ J.4 > 


a®t> _ 2xy 


^ Slater and Frank, “Introduction to Theoretical Physics,” pp. 164-166. 
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Now, 

d4> d<t> dr d<l> dri 
dx dr dx dt) dx 

Zlonsequently, 

Sx* dr^ \dx) drdi\ \dx dx) dri^ \dx) 


^ ^ d^t) ^ 

dr d^ dif dx^ 


md a similar equation will be obtained for 
Lions, we have 


ay' 


, 2 * 


Adding these two equa- 


^ ^ _ d^<t> r / arV I .^4- — ^ 

ax* 3y* ar*L\dx/ \dy ) _ aray\3x dx dy dy) 


+ 


dy*L\dx/ \dy) J 3r\dx* dyv 


■ d<l>/d^y a*i;\ 

dd \dx* dyV 


Substituting from the first set of equations, the result is 



1 d* ,1 d\ 


It will be observed that this result could also have been obtained 
directly from the rule of transformation in equation ( 3 ) thus: 

Since (ds)* = (dr)*+ r*(dij)*, 

Oi = 1 , 02 = V 01O2 = r. 


Therefore, 
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In the case of radial motion, for which d/dB ^ d/dri^ 
operator evidently assumes the form 


i 2 A . 1,1 

dr\ dr) dr^ r dr 


0, the Laplacian 


m 


We shall now return to the consideration of equation (2b). If we 
express vV in this equation in terms of spherical polar coordinates 
and substitute for X, the de Broglie relation 

^ _ h 

V2^{E - U) ’ 

we obtain the S. equation of the form 

+ = ( 8 ) 


where U, the potential energy, is a function of r, B, and ij. As in the 
case of the S. equation for one coordinate variable, we seek solutions of 
equation (8) that will be physically rational. Thus ^ must not become 
infinite at any point in space, and it must tend to vanish as those regions 
are approached in which the probability of occurrence tends to become 
zero. The exact form of these “ boundary conditions ” must depend 
upon the nature of the particular problem. Thus, in the case of a 
hydrogen-like atom, the probability of occurrence of the electron must 
decrease continuously to zero as r tends toward infinitely large values. 
We shall find that actually this probability becomes infinitesimally 
small for values of r exceeding only a few atomic radii. In the case of 
the angle variables, the limits are 0 < 0 < tt and 0 < < 2ir, and the 

distribution function, as we shall designate <#>$, must exhibit a perio- 
dicity with respect to these variables. That is, 4>^{B, ij) = <t>$(B d: v, 

1} ± 2ir'). 

Furthermore, because experimental observations show that any 
atomic or molecular system can exist only in a series of discrete states 
defined by the energy values Ei, E^ . . . and so forth, we must expect, 
if the solutions of the S. equation correspond to the observations, that 
“ sensible ” solutions of equation (8) will exist only for a series of 
discrete values of the energy E, which will constitute the eigenvalues. 
The corresponding eigenfunctions <l> will represent, in the most general 
case, amplitudes of stationary de Broglie waves in three dimensions, 
and cannot therefore be visualized physically. In the case of constant 
values of r, <t> represents the amplitude of vibration of a spherical sur- 
face, and hence the functions are known as surface spherical harmonics. 
They are represented by expressions which are functions of the latitude 
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(6) and longitude (17) and which exhibit nodes and loops along both 
meridian circles and zonal circles (parallel to the equatorial plane). 
(Consequently, the mathematical expressions are quite complicated and, 
in fact, appear formidable at first glance. 

To some, indeed, it might appear that the mathematician has en- 
dowed nature with a complexity far beyond its needs. Yet the only 
reply to such an accusation must be that the ‘‘ simple ” solutions, 
those which are relatively easy to understand (because they involve 
no higher mathematics do not correspond to the facts. Nature 
is complex in its fundamental elements, and the only feature that is 
astounding is this: that human intelligence has been able to devise a 
method of reasoning with symbols by which a one-to-one correspond- 
ence is attained between the deductions from this reasoning and the 
experimental facts. This, to the mind of the writer, has always ap- 
peared the most marvelous aspect of all mathematical technic in dealing 
with the interpretation of nature. And because it is stimulating to 
understand this picture”; because it must add a certain measure 
of pleasure to perceive, even though it be dimly, at first, the results 
attained by combining transcendental imagination with the most 
exacting type of logic — because of these rewards which the effort 
holds forth — let the reader not l)e discouraged too readily. Patience 
and persistence alone will accomplish wonders, even in the compre- 
hension of a symbolic mathematical technic. 

6.3 The Rigid Rotator with Fixed Axis. Let us consider the problem 
of a diatomic molecule constituted of two atoms of masses jui and H 2 y 
located at distances ri and r 2 from the axis of rotation. We shall 
assume that the molecule is of the ‘‘ dumbbell ” form, so that the dis- 
tance between the centers of the atoms (ri + ^2 = ro) is fixed, and there- 
fore we neglect the possibility that the atoms will vibrate along this 
axis in virtue of their mutual attractive and repulsive forces. (Of 
course, such vibrations, of frequency nvo, actually occur and give rise 
to vibrational energy states — a problem which was considered in the 
case of the harmonic oscillator.) Under these conditions we may 
regard the molecule as possessing, in general, two degrees of freedom or 
mobility. The molecule will have a rotational motion about an axis of 
symmetry passing through its center of gravity. This will be repre- 
sented by an angular velocity 1} = dri/dt in the plane YOX (see Fig. 22a). 
Also there will be a precessional motion of the fixed axis of the molecule 
about the axis of symmetry, which is represented by the angular velocity 
6. Since there is no potential energy term, the total energy is all kinetic 
and is given by 

^ ~ f (/^i?"i + M2^2) H" 0 • 


(9) 



144 


THE RIGID ROTATOR 


Since the molecule is rotating about its center of gravity, 

niTi = 

Hence, if we put 

n = — ] — ; t2 = 


then 


Ml + M2 

and we can write (9) in the form 


Ml + M2 ^ * Ml + M2 


2 , 2 MlM2 

Miri + M2r2 = 


£? = ^«)2 + 8in2»-v"), 


( 10 ) 


where I = moment of inertia of the molecule about its center of gravity, 
tq = mean radius of gyration, and 1 /m = 1/mi + 1 /m 2 > where m is known 
as the “ reduced ” mass. 

Thus ToiP + sin* 6 ’ rj^)— v*, where v is the velocity of rotation, and 
the corresponding de Broglie wave length is given by 

^ ^ _ _h hrp 

” MV ~ ~ 


Hence, the S. equation 


vV + 


4xV 

1^ 


= 0 


becomes 




h\% 


= 0 . 


Since 7 is a constant for any given diatomic molecule in the state 
for which the energy is E, it follows that both v and X are constants. 

Furthermore, it follows that we may use the form of the Laplacian 
operator given in (6) with r* = r^. Hence, multiplying both terms by 
the equation to be solved is 


sine de\ aej 


l d^<t> Sw^EI<l> 

sin* d dij^ ft* 


( 11 ) 


There are two cases which may occur. In the first of these, the mole- 
cule is free to revolve only about an axis at right angles to the axis of the 
molecule. This is known as the case of the rigid rotator with fixed axis. 
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In the second case, the molecule may exhibit a motion of'precession, as 
well as that of rotation. The latter is the case for which equation (11) 
applies and will be discussed in a following section. In the first case, 
however, d/dd — 0, sin 0 = 1, and the equation reduces to the ordinary 
differential equation 

^ + mV = 0, (12). 

where = 8v^EI/h^ is used to indicate that the copfficient is always 
positive. 

The solution of this equation has been discussed previously. It is 
<l> = Ae*”” + (13) 

which may be written in the form of a sine or cosine function. Thus 
we may use the form 

4> = C sin- (mij + 5), 


where 5 is a phase angle. 

Now this equation has physical significance 
Consequently, the eigenvalues of thp discrete 
by the relation 


only if m = 0, 1, 2, etc. 
energy states are given 

(14) 


where m is an arbitrary integer. 

Now from equations (10) and (14) it follows, for the case d/dd = 0, 


that 


2E,J = 


4 ^ 


= /V. 

wh 

Hence, Iri = * 


That is, the angular momentum of rotation of the molecule is equal to 
an integral multiple of A/2ir, and the plus and minus signs refer to op- 
posite directions of rotation. Thus, the interpretation of is analo- 
gous to that of in the case of wave propagation along the as-axis. 
(See Chapter II.) 

If we set 

Al 




it is evident that 
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Consequently, corresponding to any one eigenvalue JS«, we have the 
two normalized eigenfunctions, 


4>m — 



( 16 o) 


and 





(155) 


Obviously, the functions and n m, are orthogonal, since, as 
shown in Chapter III, 


J r*2ir , p 2 ir p 2 ir 

= I cos (m — + i / sin (m — n)i}dij = 0, 

0 «/o t/o 


It will be observed that in this case there are two eigenfundions, given 
by equations (15o) and (155), corresponding to any given eigenvalue. 
We have here an illustration of a condition that is met with frequently 
in the solution of problems in quantum mechanics. Such energy states, 
for which there are available more than one eigenfunction for any given 
eigenvalue, are known as degenerate (German, “ entartet ”). Physically 
this is interpreted, in the present case, as indicating that actually there 
are two energy states which have become merged (degenerated) into 
what appears to be one state, because the energy is the same irrespedive 
of the diredion of rotation of any molecule with resped to other molecules. 
However, if the molecules are placed in a magnetic field, the energy 
will vary (because the molecules possess magnetic moments) with the 
direction of rotation of the molecule. For one direction of rotation 
the energy will be slightly greater, and for the opposite direction slightly 
less, than the value Em which exists in the absence of a magnetic field. 

6.4 The Rigid Rotator with Free Axis. We shall now consider the 
case of the rigid rotator with free axis, for which the S. equation is that 
given in (11). The solution must represent <l> as y), that is, as a 
function of the two angle variables. To solve the partial differential 
equation, we postulate a solution for <f> of the form 

<l>{0, rj) = X{e) - 


where X is a function of 6 only, and Z of ij only. We have an indica- 
tion that this is possible from the fact that in the case of the rotator 
with fixed axis we have already found a limiting case of this problem. 
Evidently, 


3^2 




d2X(3) 
d^ ’ 
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and 



d^Zjy) 


Substituting for 4> and its derivatives in equation (11) and using the 
symbol 


a 


Sir^EI 


(16) 


we obtain the relation 


Z 

sin 0 



+ 


sm 


^0 


dll' 


2 + a^XZ = 0 , 


where Z = Z(ij)andX = X(fi). 

Since sin® 0/ (XZ) never becomes infinite, we can multiply through by 
this factor and thus obtain the equation 


sin 0 
X 


d / . „ dX\ 


+ a® sin® 0 


1.^. 

Z dt)^ 


It will be observed that the left-hand side does not involve rj, and the 
right-hand side does not involve 0. Since this relation must be valid 
for all possible values of 0 and i/, it follows that each side of the equation 
must he equal to a constant, which we shall designate by to®. We thus 
obtain the two ordinary differential equations 

0-l-TO®Z = O (17) 

and 

sin 0 • ^(sin e • ^ -H (a® sin® 0 - to®)Z = 0. (18) 


The first of these is identical with equation (12). 
solutions are given by 


Z 


m “ 


^±imri 


Therefore the 


(19) 


where to = 0, 1, 2, etc. 

Now let us consider equation (18), and as a first step in the process 
of solving it we change to a variable x, such that 


Z = COB0. 
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Therefore, 


1 — x^ = 


— = -Bins • 

dd dx 


Before carrying through the transformation to the new variable, we 
may divide through by sin* 6. This gives 


1 d 
sin 0 did 




Introducing the variable x, this becomes 




This equation is one of the most important in mathematical physics 
and is known as Legendre’s equation of order m, in x, where — 1 < x < 1. 
That is, the equation has physical significance between the limits 
x = cosd=±l. These limits constitute so-called singular points, 
since 1 — x* = 0 at these points. 

Since m can have any integral value, including 0, we shall consider 
first the solution of equation (20) for the case m = 0, that is, the 
Legendre equation of order zero, 


dxP ^dxK 


(l-x*)^-2x 


+ a^X = 0 . 


Let us assume, as in equation (5.13) for the linear oscillator, that X 
may be represented as a polynomial of degree k, so that 


where 


X = 

fc = 0, 1, 2, . . . (k — 1), k. 


— • A: • X* 


= — • A: • X*. 
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Also, in tenns of coefficients of x*, 


d^X 

dx* 


20ife+2(^ + 2) (fc + 1) • x*, 


and 



— • k(k — l)x*’. 


Therefore, the coefficient of x** in (21) is pven by 

Oi+2(* + 2) (A: + 1) - ai{A:(A: - 1) + 2* - a®}. 


Since equation (21) is valid for all values of x (in the range 
— 1 < X < 1), it follows that the coefficient of each power of x must 
vanish identically. Hence, 


ak{k(k + 1) - 
(k + 2) (A: + 1) ■ 


(23) 


Thus 

___* 

at k + 2 (A: + 1) (A: + 2)’ 


If k can increase beyond limit, at+ 2 /ak = 1 for very large values of A:, 
and consequently, if the series for X defined by equation (22) is to con- 
verge for X = ±1, it must have a finite number of terms and the highest 
power of X is given by k, where 0*^.2 = 0. Consequently, 

k{k + 1) = a*. (24) 


Substituting for a® from equation (16) it follows that E can assume 
only the series of discrete values given by the relation 


Et = 


k{k + l)h!‘ 
SirH ’ 


(25) 


where A: = 0, 1, 2, etc. 

This relation is different from that deduced for the rotator with rigid 
axis which was stated in equation (14), and is actually in much better 
agreement with the' spectroscopic observations on the rotational energy 
levels of molecules than the latter, which is identical with the relation 
derived by means of classical mechanics. 

6.6 Legendre Equation of Order Zero. Substituting in equation 
(21) the value for a® deduced in equation (24), we obtain the differential 
equation for Xt, the eigenfunction corresponding to Et, in the form 

(1 - x’‘)X't' -2x-X't + k{k + l)Xt = 0. 
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From (23) it follows that 


O’h 


((fc - 2) (fc - 1) - fe(Ai + 1)} 

- 1 ) 


Ofc-3 


2(2Jfc - 1) 
k{k - 1 ) * 


or 


k{k - 1) 


Similarly, it is readily shown that 

{k - 2) (fc - 3) 
4(2jfc-3) 


k{k -l){k- 2) (jfc - 3) 
2-4-(2A;-l) (2ifc-3)‘“*’ 


(26) 


(27) 


and fflfc-e = 


k(k - 1) (fc - 2) {k - 3) (& - 4) (fe - 5) 


•Ofc. (28) 


2 • 4 • 6 • (2fc - 1) (2A: - 3) (2fc - 5) 

If k is even, the power series beginning with ** will end with oq, if k is 
odd, with OiX. We thus obtain the series. 


Xi 


= oj, + 






+ 


a* 


... i 


(29) 


where the coefficients of the various powers of x are given by relations 
similar to (28), and is arbitrary. 

If we assign the value® 

(2ifc - 1) (2fc - 3) . . . 1 


the resulting function Xjc is known as a Legendre function of order zero 
and degree k or a surface zonal harmonic and designated by the symbol 
Pk{3^) = Pjfc(cos d). Thus the complete expression for the Legendre 
function has the form 


Pk{x) = 


(2fc - 1) (2A; - 3) . . .i r , 


. j.fc-2 

2(2fc - 1) 


fc(fc - 1) (fc - 2) (fc - 3) ^ 
2 • 4 • (2fc - 1) (2* - 3) 


(30) 


® This value, as will appear from (31), makes the first Legendre function Pq{x) « 1. 



LEGENDRE EQUATION OF ORDER ZERO 


151 


The first few members of this series are as follows:® 

Po(®) = 1 orPo(cos9) = 1 

Pi(x) = X or Pi (cos = cos® 

P 2 (x) = - 1) or P 2 (cos 6 ) = |(3 cos* - 1) 

Pz{x) = i(5a:® - 3x) or PaCcos 0 ) = |(5 cos® d - Z costf) 

P4(a:) = i(35x^ - 30x* + 3) 

Piix) = i(63x® - 70x® + 15x) (31) 



Fig. 26. Plots of the first four Legendre polynomials as functions of B. 

1.0 


0.5 


0 


-0.5 


- 1.0 

Fig. 27. Plots of Legendre polynomials P^Pi inclusive. 

Aid = Oycosd = X = 1, while at = tt, cos fl = — 1, and at 9 = 7r/2, 
cos 0 = X = 0. The functions may be plotted as functions of either 
0 or X. In the former case, the limits are 0 and ir; in the latter, the 
corresponding limits are 1 and — 1. Figures 26 and 27 (taken from the 
curves plotted in Byerly's treatise) show graphs of the functions Pi (cos 6 ) 

® Tables of values of Pi to P 7 (inclusive), as functions of are given in L. Silber- 
stein's '‘Mathematical Tables” and in an appendix in Byerly’s “Fourier's series.” 
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to P-j (cos e), inclusive, as functions of 6. It will be observed that at the 
limits all the functions have the identical absolute value 1. Further- 
more, since Pki-x) = (-1)* Pt{x), 


it follows that for k even, Pki-x) = Pk(x), that is, the function is 
symmetrical about x = 0 ot B = ir/^t resembling in this respect sin 0, 
while for k odd, Pki-x) = -Pkix), and the functions change sign in 
passing through a: = 0 or = ir/2, which also is characteristic of cos B. 

As pointed out in connection with the Hermitian polynomials, the 
number of roots, corresponding to nodes, along the axis of a: or is equal 
to that of the highest power of x. Thus Pi(x) = cos B passes through 
0 at 0 = ir/2, while P 2 ix) exhibits two nodes which may be deter- 
mined from the quadratic relation 

Psix) = \ixVz -I- 1) ixVs - 1) = 0. 

Hence Psix) = 0 for cos B = ±l/'\/3 = ±0.5775, that is, for Bi = 
54° 45' and Bs - 125° 15". In a similar manner it is possible to cal- 
culate the k values of B at which any given function Pfc(cos B) becomes 
equal to zero. 

As for the other polynomials, it is readily shown in any of the treatises 
on this topic that the Legendre polynomials are related by a recursion 
formula of the form 


(fc + l)Pi+i(x) = (2fc + DxPkix) - kPk-iix), 


which makes it possible to calculate higher members of the series from 
the lower members. 

From equation (30) it follows that 


r 


Pkix)dx 


(2fc- 1) (2fc-3). . .i r (fc-H)fc 

ik + l)\ L 2(2fc-l) 


(fc + Dkjk - 1) (fc - 2) 

2'4-(2A: - 1) i2k - 3) 

and if this integration is repeated A: — 1 times more, the result is 
(2fc-l) (2fc-3). . .i r ,, 2ki2k-l) 

(2fc)! L 2-(2A:-l) 


2A:(2A; - 1) (2fc - 2) (2A; - 3) 
2 • 4 • (2ifc - 1) (2A; - 3) 



(2jb) (2fc - 2) . . . 2 






( 32 ) 
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as may be demonstrated by expanding the expression (a:* — 1)*. The 
kth derivative of the fimction on the right-hand side of the last equa- 
tion is therefore Pk{x), so that 


Pkix) = 


1 

2* -ft! 


d*(a;2 - 1)* 
dx^ 


(33) 


This is known as Rodrigues' Formula. 

It may be shown by means of this formula that the Legendre poly- 
nomials form an orthogonal system, since 


J* Pk{x)Pn(x)dx = 0 (for A 7^ n) 


2k + 1 


(for k = n). 


Hence, the normalizing factor is 


2k + 1 

It follows from these relations that if n -|- fc is even and n 9 ^ k, 


and also that 


Pk(x)P„(x)dx = J' ^Pk(x)P„(x)dx = 0, 
£{PMYix = ^ • 


(34) 


(35) 


The orthogonality relation (34) may also be derived by the following 
proof which is independent of Rodrigues’ formula, and is of very general 
application in spherical harmonics. 

Since Pk{x) and Pn(*) satisfy Legendre’s equation. 


Multiplsdng (i) by P„ and (ii) by Pk, subtracting, and then inte- 
grating, we obtain the relation 

[n(n + 1) - k{k + l)]£^P„Pkdx = 
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Integrating the right-hand side by parts, it becomes 


[p„(l - *2) - P,,(l 


.Eh 

dx 


ax J *— — 1 




dPk dP 
dx dx 


” dx+ f\l-x^)^ 
t /— 1 dx 


dPn dPk 
dx 


dx, 


which is equal to zero, since 1 — a:® = 0 at a: = ±1, while the two inte- 
grals cancel. Consequently, iiny^k, 


J'^Pn(x)Pk(x)dx = 0. 


6.6 Associated Legendre Functions. We shall now consider equa- 
tion (20) for the case w ^ 1. In the preceding discussion this equation 
was solved for the case m = 0, and it was found that the equation gives 
solutions which are physically significant if we put 

a® = k{k + 1). 

If we substitute for a* in equation (20) we obtain the relation 

.2 


(24) 


£ 

dx 


(1 




k(k + 1) 


m‘ 


X = 0. 


1 - a;®' 

Let us introduce a new function Y defined by the relation 


m 

z = (1 - x^yr. 


Then 


(36) 


(37) 




dX -mxjl - x^yr (1 - x^y dY 
dx (1 — *^) (1 — y) dx* 


dX 


(1 -xh)^= -mx(l -x^)^Y+ (1 -x2)2 


dx 


+i dY 
dx ‘ 


and 


£ 

dx 


in 

1(1 _ ,.)_j „ j_„(i _ } 


-f 


,^(1 -*»)?+ 2 .( 1 + 1 ) (1 - .=)?}!+ (1 - + 0 . 


Substituting these relations into (36) and dividing by (1 — x^) 
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which is not zero, except at the limits, we obtain the relation 


dV 

(1 - - 2(m + 1)® + (A; - m) (fc + m + 1)7 = 0. (38) 

With this differential equation we shall compare the differential equa- 
tion (21) which can evidently be written in the form 

If we now differentiate this m times, it can be shown that the resulting 
equation is identical with (38), and consequently. 


Y = 


X 


(1 -® 2)2 




(39) 


The function X thus obtained, see equation (37), is known as the 
associated Legendre Function of the first kind, of degree k and order m, 
and is designated thus 


Pl?(®) = (l-®2)2^. 


(40) 


Since the differential coefficient becomes zero for m > k, it follows 
that m can have only the series of integral values to = 0, 1, 2, , . .k. 
Thus corresponding to any value of k, there are (A: -|- 1) Legendre func- 
tions which satisfy equation (20) and also (2A: -f 1) functions 
which satisfy equation (17), corresponding to to = 0, ±1, ±2, . . . ±A:. 
Since 

(1 - ®®)2’ = sin”* e, 

the associated Legendre function may also be written in the form^ 


P”(cos 6) = sin” 6 


d”Pfc(cos e) 
d(cos ?)” 


(41) 


’’ The notation given is that used by Byerly, MacRobert, Pauling and Wilson, and 
most of the authorities. On the other hand, Courant and Hilbert, as well as Condon 
and Morse, use the notation 


PTC*) 


d”Pt(*) 

(to” 


and 

P*m(*) = 81 ““ ® ■ P”(*)- 
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The functions 


and 


cos mij sin”* B 


<&”* 


sin mif sin”* B • 


da:”* 


( 42 ) 


are known as tesseral harmonics of Oie kiA degree and mOi order. In 
terms of exponentials, the functions are 


«<”*’>sin”’e 


d”'Pk(x) 

d®”* 


and e-^^^sin^fl- 


d”*Pi(®) ^ 
da:”* 


(43) 


and as stated already, for any given value of k, there are (2k + 1) 
functions which satisfy the differential equations (17) and (18). It will be 
observed that the only condition attached to m in the solution of (17) 
is that it must have an integral value (including 0). The condition 
that m cannot exceed k was derived from the subsequent deduction 
based on the fact that the eigenfunctions which satisfy equation (18) 
are of the type (x). 

It was also deduced that the eigenvalues corresponding to the different 
energy states are given by 


„ m + i)h* 


(25) 


Thus it follows that for any given energy state, corresponding to a 
given value of k, there are (2k + 1) eigenfunctions. In the case of the 
rotator with fixed axis, it was found that for each energy state 
there are two possible eigenfunctions. The order of degeneracy is 
therefore two in that case. But in the case of the rotator with free 
axis we find that the order of degeneracy is 2k + 1. The physical inter- 
pretation is similar to that given in the previous case. As Condon and 
Morse describe it: “ this is the degeneracy of random space orientation 
in a centrally symmetric field, and gives the multiplicity into which 
the terms are split when a non-symmetric perturbing field removes the 
degeneracy.” Thus in the presence of magnetic or electrostatic fields 
this degeneracy may be completely removed, because such fields intro- 
duce perturbing effects. 

The functions Pfc(x) satisfy the condition for orthogonality of the 
form 

Pnx)-P5‘{®)d® = 0. (jVfc), 


(44) 
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where obviously m must not exceed either j or k. This may be deduced 
by an argument quite similar to that used for demonstrating the orthog- 
onal nature of the Legendre polynomials of zero order. That is any 
two Legendre polynomials of the same order and different degrees are 
orthogonal to each other. 

It may also be shown that 




2 (k + m)l ^ 
2k + l' ik -m)!* 


(46) 


Hence the normalizing factor for the tesseral harmonic pven in (42) 
or (43)ispvenby* 


2ir 2 (k -j- wt)! 
T'W+li'ik- m)\\ * 


(46) 


Finally, it is of interest to give the expressions for some of the asso- 
ciated Legendre functions corresponding to the expressions for the 
functions of zero order which were given in equations (31). The first 
ten of these polynomials (including the fimctions of zero order) are as 
follows: 

Po(x) = 1. 

Plix)=x; PK®) = (1 -a:*)^-l; 

P2(a:) = i(3a:^- 1); P2(a:) = (1 - xy-Zx',Pl{x) = (1 - ®®) • 3; 

Pg(®) = i(5a:® - 3*); Pj(a:) = (1 - a:^)* “ 1)? 

Pi(a:) = (1 - x") • 15x; P|(x) = (1 - x^)^ • 15, (47) 

where x = cos 0. 

Since d*’Pji(x)/dx* = C, a constant, it follows that the functions 
Pj^(x), for which the order and degree are identical, possess no nodes, 
but pass through a maximum at x = 0 (i.e., B = 7 r/ 2 ) as is evident from 
the relation 

Pfc(cos 6) = C • sin* B. (48) 

® It is becoming customary in treatises on quantum mechanics to designate the 
square of the expressions on the right-hand side of ( 35 ) and ( 46 ) or the integrals in 
( 34 ) and ( 45 ) by N. For instance, H. Bethe, in “Handbuch der Phjrsik,” Vol. XXIV, 
Part 1, uses this notation, which may give rise to some confusion for the reader who 
consults that discussion. 
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Figure 28® shows plots of the four normalized functions Pa (cos B), 
P|(cos B), P|(cos B), and P|(cos 6) as functions of B. The normaliza- 
tion factors, as deduced from equation (46), are N = V24/7, 

V 240/7, and \/l440/7, respectively. The actual relations for the 



Fia. 28. Plots of the normalized Legendre functions P”(cos 9). 

four normalized functions, and the designations for the corresponding 
curves, are 

Po 3 = P 3 (cos e) = 0.936 (5 cos® 0 — 3 cos 6), 

Pi 3 = P 3 (cos 0) = 0.810 sin 0 (5 cos® 0 — 1), 

Fzs = P 3 (cos 0) = 2.563 sin® 0 • cos 0, 

F33 = P 3 (cos 0) = 1.046 sin® 0. 

The nodal points were obtained by solving the equations P^(cos d) = 0; 
the points of majdmum values were obtained by solving the equation 

dP^(cos 0) _ 
d0 


where m = 0, 1, 2, 3. 

6.7 Geometrical Interpretation of Surface Spherical Harmonics. 

Let us consider now the geometrical interpretation of the Legendre 
functions and tesseral harmonics which have been discussed in the pre- 
vious sections. 

The fimction 

{A cos mif + B sin m»i)P"(cos 0) (49) 

represents a surface spherical harmonic of fcth degree and mth order. 
If m = 0, the function has the form P*(cos 0), which is Legendre’s 

* Condon and Morse, “Quantum Mechanics,” p. 55. 
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coefficient of the first kind, of degree k. This function is a polynomial of 
degree k and therefore has k distinct zero points between cos 0 = — 1 
and cos 0 = +1. As shown in the curves in Fig. 26 and Fig. 27, 
these “ nodes ” are arranged symmetrically about cos 0 = 0, i.e., 
0 = ir/2. Hence, on a sphere with the origin as center, the function 
Pj:(cos 0) becomes 0 on A: different circles, which, as shown in Fig. 29, 
correspond to different degrees of “ latitude,” that is, they possess poles 
at 0 = 0 and 0 = t. These circles are symmetrical with respect to the 
“ equatorial ” circle, and if k is odd, the latter is one of the set of circles 
for which Pkicos 0) = 0. Furthermore, as shown by the plots of the 
functions, since the value of any function Pkicos 0) exhibits A; — 1 
loops, there are 2 (A; — 1) circles parallel to the nodal circles at which 





Fig. 29. Geometrical illustration of . 
zonal harmonics. 



Fig. 30. Geometrical illustration of 
tesseral harmonics. 


the function has the same absolute value. It is for this reason that 
the Legendre coefficients of zero order are known as zonal harmonics. 
The point = 0 is designated the pole, and the diameter through the 
pole, the axis of the zonal harmonic. 

For m greater than 0 and less than k, the functions are represented 
by the expression 


(A cos TO 1 J + B sin mri) sin” 0 


d”*Pk(cos0) 

d”'{cos0) 


This may be written in the form 

sin(mu + 5) . sin” ’ (^0) 

where tan 6 = A/B. It vanishes for mri = —d and mri = v — d. On 
a sphere, as shown in Fig. 30, this corresponds to m great circles through 
the pole 0 = 0 (circles of “ longitude ”), distributed symmetrically, so 
llhat the angle between the planes of any two consecutive circles is 
equal to v/m. 
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The factor sin”* 9 is equal to zero only at S = 0 and = ir. The dif- 
ferential coefficient d”'Pkix)/dx”^ is represented by a function which is 
the mth derivative of a polynomial of degree k. Thus the highest 
power of X has the value k — m, and the function has k — m zeros on 
circles with 0 = 0 as pole, which are arranged like the corresponding 
circles in the case of the zonal harmonics. Since the two sets of circles 
intersect orthogonally, these harmonics are designated tesseral har- 
monics. (See Fig. 30.) 

The sum of the 2fc + 1 tesseral harmonics, for which the general ex- 
pression is given by (49) or (60), is known as a surface spherical har- 
monic of degree k. 

For m = k, the differential coefficient becomes a constant factor, 
and the spherical harmonic is of the form 

• sm{kri + 6) sin* d. (51) 

As pointed out already, this vanishes on k great circles passing through 
the points = 0 and 6 = v, the angle between 
the planes of any two consecutive circles being 
v/k. Since the sphere is thus divided up into 2k 
sectors, as shown in Fig. 31, these functions are 
known as sectorial harmonics. 

For any given value of i;, the expression in (51) 
is evidently of the same form as that in (48), and 
it is seen that, as the value of k is increased, the 
function tends to assume appreciable values in an 
increasingly narrower region symmetrical about 
the equatorial plane. The interpretation of this 
result from a physical point of view is considered in the following 
section. 

6.8 The Physical Significance of the Characteristic Functions. We 

may now consider the significance of the somewhat tedious calcula- 
tions and seemingly complicated results that have been derived in the 
previous sections. 

The problem to be solved is the following. Given a diatomic molecule, 
what will be the possible energy states and modes of rotation for such 
a molecule? The problem first originated because of the observa- 
tions on the temperature variation of the specific heat of diatomic 
gases. In order to account for the increase in specific heat with tem- 
peratme, it was found necessary to assume that, in addition to kinetic 
energy of translational motion, diatomic molecules also possess an 
energy due to rotation about an axis of symmetry passing tWugh the 
center of gravity. 



Fig. 31. Geometrical 
illustration of sec- 
torial harmonics. 
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On the basis of the classical quantum theory, the method of deter- 
mining the discrete energy states of such a system was as follows: 
Referring to equation (6), the total energy is ^ven by 


E’=H(p,q) = :^(pl + ^ + ^ 


sin* 6/ 


(62) 


In the case of the rigid rotator, p, = 0> pr® = I, the moment of 
inertia. Blence, the equation for the rotator with free axis is 


(53) 


Since the evaluation of the integral ^pjdO is rather involved,^® we 

shall consider only the case of rotation in a plane. For this case, 
p# = 0 and sin^ d = 1. Hence, 

21 E = p*- 


(i) 


From the canonical relation 


dH 


it follows that 


Therefore, 


" dr, ~ 

p, = a, a constant 
= V2IE from (i). 

J* Pqdij = ^/2IE • 2ir. 


(ii) 


Since, in accordance with the Wilson-Sommerfeld quantum con- 
dition, 

2a-V 2IE = mft. 


where m = 0, 1, 2, 3, etc., it follows that 


Em — 




(iii) 


In the case of the rotator with free axis, the calculation leads to the 
same result, where m is the sum of the two quantiun numbers, one 
corresponding to p, and the other to p#. 

^Full details will be found in M. Born’s “Atommechanik” and Sommcrfeld’s 
“Atombau und Spektrallinien.” 
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But observations on band spectra, in which the lines constituting 
individual bands are due to transitions between states differing in 
amounts of rotational energy, showed that this result was not quite 
satisfactory. On the basis of the S. equation, as shown in equation (14), 
the same result is deduced, if it is assumed that the molecule is capable 
of rotation in only one plane. The result deduced in equation (25) is, 
however, in very good agreement with observations on band spectra. 
Hence, we conclude that diatomic molecules possess two modes of 
motion about their center of gravity, one in which there is a rotation in 
the plane containing the axis of the molecule, about an axis of symmetry 
at right angles to this plane, and another which corresponds to a pre- 
cession of the axis of the molecule about the axis of symmetry. 

Now it is the essence of the S. equation that it starts with this physical 
model and then, instead of discussing the consequences to be deduced 
from this model by classical mechanics, considers a partial differential 
equation which is derived from the physical model by a definite mathe- 
matical procedure, and which represents mathematically the propaga- 
tion of a wave motion. We abandon, as it were, the concrete, tangible 
model of a dumbbell-shaped mass rotating about an axis and con- 
sider instead the nature and properties of certain wave patterns ob- 
tained by solving the partial differential equation. 

In the previous sections it was found that corresponding to each 
energy state of quantum number k, as defined by equation (25), there 
are 2A; + 1 characteristic functions which represent 2fc + 1 different 
possible modes of vibration. The next question to be considered is 
this. What is the physical interpretation of these functions which we 
recognized as Legendre polynomials of the first kind? 

As in the case of the characteristic functions (‘‘ amplitude 
functions), deduced in solving the problem of the linear harmonic oscil- 
lator, we assign physical interpretations to or <f>^. In the case of the 
rigid rotator in three dimensions, the function is defined by the relation 

<* = (a: = cos e) 

V2w N 


where N is the normalizing factor for the particular Legendre poly- 
nomial. This is determined from the relation 




1 . 


(54) 


Hence (l/JV)* {P^(cos e)Y sin ddd is regarded as representing the 
probability of locating the particle in the region on the surface of a sphere 


lying between the zonal circles d and 0 + dB, while 
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dri, represents the probability of occurrence in the meridian section 

located between the angles ij and + dr). Evidently this probability 
is independent of 

From Figs. 22a and 226 it follows that the element of area dA on 
the surface of a sphere of unit radius is given by 

dA = sin ddSdr), 



and the probability of locating the particle in this area at the angles 
6 and t) is 


PdA 


1 

2rrN^ 


{P 4 (cos e)Y sin ddddf). 


(55) 


Hence, 


1 |(2A: + 1) {k — m)\ 

2^1 


{Pficose)Y 


2{k + m)! 

corresponds to a probability per unit area or “ probability density.” “ 


(56) 



—^9 

Fig. 32. Plots of the zonal distribution functions corresponding to fc = 3. 


From values of the normalized polynomials as functions of 9, such as 
illustrated in the plots in Fig. 28, it is possible to calculate both P and 
P sin 9, and results obtained in this manner are illustrated by the plots 

n The function P corresponds to the product QiniP) ’ ^(v) given by Pauling and 
Wilson, “Introduction to (^antum Mechanics,” pp. 132-133. 
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shown in Figs. 32, 33, 34, and 35. The first two figures give values of 
P sin 0. The designations on the curves and the corresponding normalr 
ized functions are as follows: 

.io3 {Pl{coBe)Y sin 0. 

Ai 3 {pI(co8 e)Y sin e. 

Aia {i^(cose)P sinff. 

ilsa {p|(co8e)P sin d. 



For comparison there has also been plotted, as curve Aqq in Fig. 33, 

the function j sin 9 

^{Po(cosO)}2sin0 = — • 


sin 6dB = 2 
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and the toted area under each of the curves shovm in Fig. 32 and Fig. 33 
is equal to 1, the average ordinate is given by l/r = 0.318. This has 
been indicated by the straight line BB in the 
two figures. 

If now we compare two zones of equal widths, 
at the angles 6i and 02 , it is evident that the 
areas of the two zones will be 2ir sin 0id6 and 
2jr sin d2d9, where dB is the width of each zone, 
and the radius of the sphere is taken as unity. 

Hence the relative values of the probability 
density, as given by P in equations (55) and 
(56) and plotted in Figs. 34 and 35, are quite 
different from the values P sin 0 shown in Figs. 

32 and 33. In the former, the distance from 
the center to any point on the curve gives the 
relative value of P at the corresponding value 
of 0. In Fig. 34 the function {P3(cos 0)]^/N^ 
has been plotted and should be compared with 
the curve iloa in Fig. 32, while the plot in 
Fig. 35 which corresponds to {P3(cos 0)}^/N^ 
is to be compared with the curve .4 33 in 
Fig. 33. 

In terms of the model of a diatomic mole- Fig. 34. Probability den- 
cule these plots indicate that the axis of the sity function correspond- 
molecule will tend to be oriented with respect ingtoassociatedLegendre 
to the axis of symmetry in those directions for Psfeos e). 

which P is a maximum. This interpretation is most readily evident 
from the plot A33 in Fig. 33 and the corresponding plot in Fig. 35. 



Fig. 35. Probability density function corresponding to associated Legendre 

function PjCcos $). 

In this case there is a relatively narrow region about the value 9 = ir/2 
for which P is a maximum. As the value of k is increased (keeping 
m = k), the width of this region decreases rapidly. That is, in the 
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rotational states of higher energy content the molecule will tend more 
and more to rotate about an axis of symmetry at right angles to the 
axis of the molecule. 

6.9 Angular Momentum for Motion of Rotator. In Chapter II, 
it was shown that in case of motion along a coordinate x, the corre- 
sponding momentum' is obtained by soMng the equation 


P4> 


h d4 
2in dx 


(57) 


If the result of performing the operation on the right-hand side of 
this equation is of the form where a is a constant, the conclusion is 
drawn that this will be the value of the momentum observed in any 
experiment arranged for this purpose when the particle is in the state 
designated by the eigenfunction 0. 

In the case of angular momenta equation (57) is not applicable, as 
appears from the following consideration. 

As shown in section 8, the Hamiltonian form of expression for the 
energy E is given by 


If the same rule were followed as that used for converting an expres- 
sion for E in terms of rectangular coordinates and their corresponding 
momenta into a S. equation (see Chapter II), the resulting differential 
equation would be of the form 

„ A* , 1 d^\ 

- 8^2j ^3^2 + Sin2 0 • a, V 

that is, 

aV ,1 a®(/> , SrHE 

afl2‘'‘sin2a' a„2+ 


which obviously is not identical with equation (11), and is not the 
correct form of S. equation to represent the particular problem. 

We will now try to deduce a rule for calculating the angular momenta 
with respect to $ and tj for a rotating body, on the basis of wave me- 
chanics. As a first step we consider the relation which exists according 
to ordinary mechanics between the angular momentum with respect 
to the z-axis (the axis from which $ is measured) and the linear momenta 
p, and Pv, with respect to the x- and y-axea, respectively. In order to 
simplify the calculations we shall assume that the motion occurs in the 
XOY plane only (see Fig. 22a), so that d6/dt = 0 and B = ir/2. 
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We then have the following relations: 

X — rcoari; dx = —r sinijdij + cosijdr; (i) 

y = rsinij; dy = rcosijdij + sin i;dr. (ii) 

Hence, 

xdy — ydx = (aircosij + yr Bin ri)dy + (xsinrj — ycoaiff)dr — r^dti, (iii) 
since x^ + y^ = r*, and the coeflBicient of dr is equal to zero. 

nr^df) 2. %r 

where Mg denotes the angular momentum with respect to the z-axis. 
Therefore we have the relation 

Mg ^ n{xy - yx) = xpy - yp^, ( 58 ) 

which is of extreme importance in classical mechanics, since it enables 
us to express angular momentum in terms of the rectangular coordinates 
and their associated momenta. 

Now in deriving the S. equation from the expression for the energy in 
terms of rectangular coordinates and associated momenta, we set 

hd h d 

Px = — . • ~ 8'iid py = — • — • 

27n dx 2in dy 

We therefore conclude that in quantum mechanics we are justified in 
assuming that Mg may be used as an operator y which is defined by the 
relation 




Now let us assume that we have any function F which is a function of 
the polar coordinates ri and r, or of the coordinates x and y. We have 
the following relations between the differential coefficients: 

dt) dx dtj dy dll 


ad ^ ^ ^ — 

dr dx dr dy dr 
Substituting from (i) and (ii) it follows that 


dF { d d\„ 
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Hence we conclude, by comparing (iv) with (69), that os an operator 


Af. 


2iri dti 


(60) 


Thus, in the case of the rotator with fixed aris, the normalized func- 
tion, as pven by equation (19), is 


^±m 


- < 

V2ir 


Therefore, in order to determine whether the angular momentum 
has a definite value, we consider the equation 



dt) 



( 61 ) 


That is, Af, operating on the function Z, yields as a result a constant 
multiplied by Z. Hence, we conclude that an experiment arranged to 
determine the magnitude and sign of the angular momentum would lead 
to a value ±mh/(2v), depending on the relation between the direction 
of rotation and that of the perturbing field. Here the result deduced by 
the operator method is identical with that deduced by ordinary me- 
chanics, when the quantizing principle is introduced. As stated pre- 
viously, the observations on band spectra show that it is not correct 
to treat the problem of a rotating molecule as one in only two dimen- 
sions. It is therefore necessary to determine what the form of the 
operator must be for the case of a rotator in three dimensions. 

This problem is somewhat more complicated because, as is evident 
from equation (53), the angular momentum terms for 0 and rj do not 
enter into the expression for E in the same manner. It turns out^® that 
imder these circumstances it is most convenient to calculate the square 
of the resultant angular momentum vector M®, which is defined thus: 

M2 = M* H- M* -I- M2 

and as an operator, this is defined by the relation 




^ This is discussed more fully by E. C. Kemble, Phys. Rev., Supyl., 1, 157 (1929); 
also see J. Frenkel, “Wellenmechanik,” pp. 248^253 (1929 edition). 
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Introducing spherical codrdinates, and proceeding as in the case of 
the single variable ii, it may be shown that the differential equation for 
the determination of is of the form 

+ + = (62) 
4ir*Lsin^ sin^O 3ij*J 

That is, Af ® as an operator has the form 

= “T^ -r-—;' — (smO-— )+ ■ on 'Ti ” “ 71 *®' 
4x^Lsind dd\ 86/ sm*^ drf\ 4ir* 

where 0 is an operator of the same type as the Laplacian operator 
In fact, equation (4) may be written in the form 


„ 1 1 / dA „ 1 1 

' T"^ *71/“ ~2®<A + ~' 
ir r^\ dr dr/ r f 

Equation (62) may therefore be written in the form 


dr® 


= 0 . 


M2 + — ,Q 


Similarly, equation (11) may be written as 


(2£7+^8)*.0, 


the solution of which, as shown previously, is 

2® ^ 


Hence, the solution of (63) must also be the same. That is, 

t(t + iy 

4ir* 


while, as deduced in equation (61 ), 


Mz = ± 


Equation (64) leads to the conclusion that the total angvlar mo- 
mentum of the rotating system may be designated by a vector whose 
magnitude is 

M^-Vkik + l), 

2ic 
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and that the component of this vector along the 2-axis is given by mh/Tnr. 
In terms of a unit vector of magnitude /i/(27r), the total angular momen- 
tum and the component of this vector along the 2-axis are therefore 
Vk{k + 1) and m, respectively. 

These results are specially significant in connection with the problem 
of the hydrogen atom, which is discussed in the following chapter. 



SUPPLEMENTARY NOTE 1 


EXPANSION OF AN ARBITRARY FUNCTION IN TERMS OF AN ORTHOG- 
ONAL SYSTEM OF FUNCTIONS 


In subsequent discussions we shall have occasion to make use of the 
very important property of orthonormalized functions which is ex- 
pressed in the form 

<t>n^m(iv = 0 (m 9^ n) 

- {m - n)y 

where </>n and (t>m are any two eigenfunctions of the system, N is the 
normalizing factor, dv is the element of volume, area, or length, and the 
integration is extended over the whole region in which the functions are 
physically significant. (This region is usually designated the con- 
figuration space.^0 

As has been mentioned previously, the simplest type of such expres- 
sions is the trigonometric functions 

1 . ,1 

— -z sin mS and —p cos n0, 

V TT VTT 

for which the limits are 0 and 27r, so that 



cos mO cos nddS 



sin m$ sin nddd = 0 

= TT 


(m 9 ^ n)| ^ 
(m = n)\ 


(i) 


By means of this relation it becomes possible to develop any given 
function of Q in terms of the sines or of the cosines of multiples of 6. 
Series involving only these trigonometric functions, that is, series of the 
form 


do + ai cos X + a2 cos 2x + . . . + cos nx + . . . 

6i sin X + 62 sin 2a: + . . . + sin ma: + . . • 


are known as Fourier's series. The possibility of expressing any arbi- 
trary function of 6 in terms of such a series may be illustrated by the 
following examples. 

(1) It is required to develop the function /(0) = 0 as a sine series for 
the region ^ ~ 0 to 0 = tt. We have 

^ = ai sin 0 + 02 sin 20 -f . . . + dn sin n0 + . . . 

171 
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Let US multiply each side of this equation by sin nSdS and integrate 
between 0 and t. Then 



Fig. 36. Illustrating Fourier^s series analysis. 


Because of equation (i) all the terms on the right-hand side, except 
the one involving sin* nS, vanish. Hence we obtain a relation for de- 
termining On, which is of the form 

2 /•' 

Un = “ I ^ sin ndd$. (ii) 

7r«/o 

Now 

d{$ • cos n6) = —n$ • sin nddB + cos nd -dB 

= —nB • an nddB -|- - • d(sm nB). 
n 
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Hence, 


j r*' . 1 T 1 

B sin — cos rtB H — 5 sin n® = 

0 n Jo w Jo 


■T __ (-1) 




n 


since sin nfl = 0 for both = 0 and 0 = tt, while cos nv = (—1)^. 

In a similar manner all the other coefficients, ai, a 2 , etc., may be de- 
termined and the required development has the form 


0 



sin 2d sin 3d 
2 ^ 3 


(iii) 


Figure 36 shows in the left-hand series of plots, the straight line y — 6 
from d = 0 to d = TT (that is from 0 to 180 degrees), and the successive 
approximations to this line which are obtained by taking 

2/1 = 2 sin d; 

2/2 = 2 sin d — sin 2d; 

2/3 = 2 sin d — sin 2d + (f) sin 3d. 


It will be observed that while the series does not converge very rapidly, 
the curves gradually approximate y — B more and more closely, with 
increase in number of terms. 

(2) It is desired to express as a cosine function for the range 
X — —c to X - c. 

We introduce a new variable, z = ttx/c, so that z = — tt for a? = — c, 
and 2 = TT for X = c. Then, 


X 


2 



Go + ai cos z + a 2 cos 2z + . . . 


(iv) 


Multiplying each side by cos nzdz and integrating between the 

cos* nafe, 


limits, all coefficients on the right-hand side, except 
vanish, and we obtain the relation for determining an, of the form 
c* 


that is. 


(T P"^ 

-2/2^ COS nzdz = Gn I cos^ nzdz = an* tt, 

TT t / — V t / — tr 


^ r 2 j 
a„ = I cos ?iz • az. 

T^J-r 


Now 


d(3* sin nz) = ?i 2 * cos nzdz -f 2z sin nzdz; 
d(z cos nz) = — nz sin nzdz + cos nzdz. 


(V) 
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Hence, 


X T 2 . 

cos nzdz = — • sin n25 f « sin nzdz 

■T n 


2 /**’ 

- I 2 sin nzdz (since sin mr = 0) 

n J-ir 


= ^ 1^2 cos n 2 J ~^J' 

4ir( — 1)“ 1 sinnz"j' 4ir( — 1)” 

J-r 


n 


Therefore, 


a„ = 


c2.4t(-1)“ 4c2(-1)’‘ 


7r*n2 


irV 


The coefficient Oo is determined from the relation 
^2 


-2 / 2 *d 2 = / ao<^ 2 , since cos 0 = 
V J—T J—r 


That is, 


2cV 1 r® 2 ^ 


c* 1 


Consequently, the development for is of the form 

« 4c^/ Tra; 1 2wx , 1 Stto; 

ic = TT 2 I cos :^cos h ^cos 

3 TT^ \ c 2^ c 3^ c 




(vi) 


(vii) 


(viii) 


The curves on the right-hand side of Fig. 36 show the parabola 
y = a:* at the top, and the straight line y = c®/3 = 2^/3, which is 
evidently the average value of y over the range 0 ^ 1 a; | ^ 1 2 1. The 
other curves correspond to the expressions: 

4c* vx 

cos-; 

c* 2ira: 

1/2 “ • COS — ; 


4 c* 3ira: 

1/3 = 1/2 - Q • “2 • COS — 

9 IT c 
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As shown by the plot of y^, this expresaon corresponds fairly closely 
to y = 3^ for the range x = ±0.75 • c, and, by using more terms, the 
range over which the series represents the parabolic function may be 
made to approach the limits a: = ±c very satisfactorily. 

More generally, any function /(*) can be expressed within a definite 
range of values of x in the form 

00 00 

fix) = ao + £ an cos nx + '^bn sin nx, 

1 1 


where 



nrx IT _ 

• cos — • - ox; 
c c 


, I r ./ \ • ^ 1 

On = “■ I fix) • sin ax. 

TTt/— c c c 


Such a representation in terms of trigonometric functions is known 
as a “ Fourier’s series ” expansion for/(x). 

The possibility of obtaining such developments of an arbitrary func- 
tion depends, evidently, upon the existence of the orthogonality relation 
expressed by equation (i). The same type of reasoning may be ap- 
plied to develop an arbitrary function of x between the limits 0 and oo 
in terms of a series of Hermitian or Laguerre polynomials. 

Thus if fix) is a function which tends to vanish for x = ±oo , we can 
obtain the coefficients an in the series 

_X2 

fix) = ( ^{ooHoix) + aiHiix) . . . ajlnix) + . . . } 

from the relation 

f fix) • « 2 • Hnix)dx 
^00 

€-*“ • Hlix)dx 

=2»-^n!V;: fix)e * .Hnix)dx. (ix) 

Similarly, /(©), an arbitrary^® function of d, may be represented in the 
range v > ^ > 0 by the series of Legendre coefficients of zero order, in 
the form 

fie) = AoPo(cosfl) + AiPi(cose) + . . . + A„P„(cose) + . . . 

“Arbitrary” in the sense that it is possible to plot the function graphically. 



176 

where 


THE RIGID ROTATOR 


An = 


J* f0) * i’»(cos 0) • sin 6d$ 

J {P„(cos0)psinfl<W 
2n + 1 /•' 

— ;; — / /(®) * Pn(co8 ff) • sin ffdS. 

2 ^/o 


(X) 


Even if the integral in equation (ix) or (x) cannot be calculated by 
direct integration, it can always be evaluated by plotting the integrand 
(that is, the expression to be integrated) as a function of a: or and 
determining the area under the plot graphically. However, it is 
usually possible for the experienced mathematician to develop a con- 
vergent series for the integral, by means of which its actual value may be 
determined. 

More generally, if an arbitrary function 4^ can be developed in terms 
of an orOwnormdlized set of functions 0i, . . . <t>n> such that 


n 



^ = Zan</>n, 

(xi) 


0 


then 

ttfi = i/zipndVj 

(xu) 


where the integration is carried out over the configuration space. 

In case ^ is a complex function, then must be replaced by $n> so 
that an is real. 
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CHAPTER VII 


THE HYDROGEN ATOM 


7.1 Bohr Theory of the Hydrogen-Like Atom. In Chapter IV it 
was shown that, on the basis of the Bohr theory, the discrete energy 
states of the hydrogen-like atom (of nuclear charge +Ze) are deter- 
mined, in accordance with the Wilson-Sommerfeld quantum con- 
ditions, by the relation 


E 


27rVZV 


( 1 ) 


RchZ^ 


( 2 ) 


27r^eV 

where R = --- 3 - -is known as the Rydberg constant.^ 

Furthermore, it was shown that, for any given value of the total 
quantum number n, the number of possible electronic orbits is deter- 
mined by the series of values for the azimuthal quantum number k^n, 

n — 1 , . . . 1 . 

For any state of quantum number Uj the semi-major axis is given by 
the relation 


Ze^ 


n^h^ 


an - — 


2En ^T^fxZe^ 


= n^aij 


where 


ai = 






(за) 

( зб ) 


is the radius of the Bohr orbit for the state n = 1. For the case Z = 1 , 
n = 1 , that is, the normal state of the hydrogen atom, the radius is 

^ It is customary to designate this particular value of the Rydberg constant by 
i?oo. As pointed out in Chapter IV, it is necessary in calculating En to take into 
account the motion of the nucleus as well as that of the electron about their common 
center of gravity. In that case ju corresponds to the “reduced mass,” which becomes 
equal to that of the electron for infinite nuclear mass. 
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designated by 


CLq = diZ = 


4:T^fXe^ 


(3c) 


and is known as the radius of the normal Bohr orbit. 

Substituting the values for the constants in equations (2) and (3c), 
the results obtained are 

Oq = 0.5282 X 10“® cm., 

and jBoo = 109737.42 cm.-^^ 


7.2 Hydrogen Atom as a Potential Barrier Problem. Before dis- 
cussing the solution of the appropriate S. equation for this problem, 
it is of interest to point out a method by which an approximate solution 
may be derived for the values of the series of discrete energy states. 

As N. F. Mott has pointed out,^ a hydrogen atom is simply an 
electron bound by an electrostatic force, which pulls it back if it tries 
to get away from the nucleus. The wave function therefore will vibrate 
in normal modes, and we shall only have wave functions describing the 
behavior of electrons of certain discrete energies.” 

An approximate calculation of the magnitude of these energy states 
may be made as follows: 

It was shown in Chapter III that, in the case of an electron in a po- 
tential box,” the series of discrete energy states is given by 



where m is an integral value and 2a is the extent of the region between 
the barriers. Also it was shown that, for the lowest of these states 
(m = 1), the corresponding characteristic function is 


<t> 



(S.34) 


where 


X 


h 


= 4a. 


(S.32) 


In the case of a hydrogen atom, the field of force is defined by the 
potential energy —Ze^Jr, Since the total energy cannot exceed this 
value for any given value of r, it follows, if 2a denote the diameter of the 


* N. F. Mott, “An Outline of Wave Mechanics,” p. 63. 
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electron orbit for the lowest state, that 


= - 


a 


(i) 


and 


X = 


4o = 


h 


(ii) 


From (i) and (ii) it follows, by eliminating a, that 



which differs from the expression in (1) by the ratio 32/(2ir®). If X 
had been assumed equal to va instead of 4o, the two results would be 
identical. 

7.3 The Schroedinger Equation for tiie Hydrogen-Like Atom. In 

the Schroedinger method of calculating energy states the starting point 
is the same as in the classical method, that is, we consider a system 
co ns is tin g of nucleus of charge + Ze, and of an electron for which the 
potential energy is pven by 7 = —Z^ Jr, and the kinetic energy T, by 
In terms of spherical polar coordinates, the total energy is 
given by 

1 Ze* 

E - + r* sin* ft)*) (4) 

2 r 

As shown in equation (0.8), the S. equation deduced from this re- 
lation is of the form 

-1- a* (e+^<I> = 0, (5) 

where a* = 8ir^ii/h“, and the Laplacian operator is given by the relation 



The solution of this partial differential equation must yield (r, 0, ij) , 

and, as in the case of the ri^d rotator, we assume that it is possible to 
express this solution in the form 

•!>('>'> v) “ S(r) • Y(9, tf), 



SCHROEDINGER EQUATION FOR HYDROGEN-LIKE ATOM 181 


where S{r) is a function of the radius only, and Y (d, ij) denotes a function 
of the angle variables. 

We thus separate equation (5) into two differential equations, one 
in r, and the other in 6 and jj, which are as follows;® 


— - • — ( sin — 

sm ^ dff \ d$/ SI 




9 drf^ 


and 


1 d/ .dS\ CS . . Ze^\^ ^ 


( 6 ) 

( 7 ) 


where C is an arbitrary constant which plays the same rdle in the present 
case as the constant m®, which was introduced in solving equation (ff.ll). 

Equation (6) is evidently identical with equation (5.11), and the 
solution is therefore a tesseral harmonic of the form^ 


where 

and 


Y{d, f,) = Pf (cos e) • e’”*”. 
C = l{l+ 1),« 

Z = 0, 1, 2, etc. 


TH = dclj =t:(J — 1) . . . dbl, 0. 


As pointed out in the case of the ripd rotator this signifies that the 
particular energy state corresponding to any given value Ei is degeneratey 
inasmuch as it may be represented by any one of 21 + 1 independent 
eigenfunctions. However, it will be observed that it is not possible from 
the solution of equation (6) to determine the value of Ei, For this pur- 
pose it is necessary to solve the radial equation (7), which, by substitut- 
ing the value for C, takes the form. 


dr^ r dr 


^ 2B Ijl+l) 


-S = 0, 


( 8 ) 


where 


and 


A--j^ 

^ — W 


( 9 ) 


* Compare section ^.4. 

^ The tesseral harmonics are usually indicated by the symbol Yi^ ^ where I and m 
are the two integers used to designate the associated Legendre functions. 

^ The symbol I is introduced instead of h which was used in the previous case, in 
order to bring the notation into agreement with spectroscopic usage. 
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7.4 The Radial Schroedinger Equation. Laguerre Functions. In 

solving the radial equation, we must be guided by the conclusions 
deduced in ordinary mechanics about the motion of a body in a central 
field of force. The best illustration of this is furnished by the investi- 
gations on the possible orbits of the planets in the gravitational field 
of the sun. We know that in this case two types of orbits are possible, 
(1) hyperbolic orbits for which E > 0, and (2) elliptical (including 

circular) orbits, for which E < 0. In the quantum mechanics problem 

we must therefore seek solutions corresponding to these two cases. 

Let us consider first the case E > 0. For very large values of r, 
all the terms in (8) involving 1/r or 1/r* may be neglected, and the 
equation becomes 

^ + AS = 0. (10) 

The solution of this equation is evidently 

S = (11) 


According to (9), 


V^ = 


2rV2nE 

h 


X 


( 12 ) 


where X is the de Broglie wave length for a particle of kinetic energy E. 
From the discussion in Chapter II, it is seen that equation (11) repre- 
sents a combination of two streams, in one of which the particle is 
receding from the origin, and in the other it is approaching the origin 
with a constant momentum ±V2nE. Obviously E may vary con- 
tinuously from 0 to any 'positive value. That is, there are no discrete 
energy states, and this gives an interpretation of the fact that beyond 
the limits of the line spectrum (which is due to a series of discrete states 
of negative energy) there is also observed a continuous spectrum, 
which must correspond to states for which ^ > 0. 

The much more interesting case is that for which E<0, and for which, 
according to the classical Bohr theory, the system exhibits a series of 
electronic orbits, each of which is distinguished by definite quantum 
numbers and definite values of the orbital constants.® 

Since E is negative, —A in equation (9) is positive, and it follows 

* The following discussion of the problem is based on that of M. V. Laue, “ Hand- 
buch der Radiologie,” Vol. VI, Part I, pp. 42-48. An elementary presentation is 
also given by N. F. Mott, “An Outline of Wave Mechanics,” pp. 71-77. 
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from equation (12) that the magnitude 

1 

a = — 7 = 
2\/-A 


which is real, has the dimensions of a length. 

We therefore introduce the dimensionless variable, 


(13) 


X = - = 2r\/— A, (14) 

a 

and consequently equation (8) becomes 

2 d>S f _l 2Ba 1(1 + 1) 

dx^ X dx [ 4: X x^ 

The problem is to find solutions of this equation which are finite and 
continuous for all values of x and which vanish at x = oo. The point 
X == 0 is a singular point, since 1/x becomes infinite there. It is there- 
fore necessary to investigate the behavior of the solutions at this point 
and, in order to do this, we assume that it is possible to express the 
function S in the form, 

S = xX (16) 

where s is a constant and v may be expressed as a polynomial in powers 
of X, of the form 

00 

V = 

0 

Hence S = vqX^ + «;ix®“*"^ + . . . + VnX^'^'^, 

and ^ = svqx"^^ + (s + l)vix'' + . . . , 

ax 


j;S = 0. (15) 


while ~ + (s + l)st;ia:* ^ + . . . 

Substituting in equation (15) it is found that the coeflBcient of Woa:* 
is given by 

s(s - 1) + 2s - l{l + 1) = s(s + 1) - l{l + 1). 

As we approach a: = 0, all terms involving higher powere of x than 
s — 2 may be neglected, and if /S is to be finite at a; = 0, it is necessary 
that a:*"* = 1; that is, the series must not have any lower powers of x 
than those given by the relation 

s{s + 1 ) = + !)• 
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It follows that s = I, or s - — (i + 1), and since x~^~^ would become 
infinite at « = 0, we must choose the value s = 1. Using this value in 
equation (16), substituting in (15), and dividing by x^, we obtain the 
equation 


2(1 + 1) dt> /2Ba 1\ 

dx^ X da; \ ® 4/ 


(17) 


For very large values of x, all terms involving 1/x may be neglected, 
and the equation becomes 


dx^ 



the solution of which is 


Since v must not increase indefinitely with increase in x (which is 
always positive), it follows that v should be of the form 


fl'W. 


(18) 


Substituting this function and its differential coefficients in (17) 
and multiplying by the result is 


dx^ I ic ]dx [ X 


H + i) 


= 0 . 


(19) 


If we examine the behavior of the series 

00 

?(«) = Zcfc** 

i-O 


for large values of x in a manner similar to that used in the case of the 
Hermitian and Legendre polynomials, it is found that v will decrease 
exponentially and ultimately vanish for x — » » only if the series is made 
to end with the term in x^, where j is determined by the relation 

2J3(Z — j -\- 1 1. 


Substituting for B and a from equations (9) and (13) it follows from 
the last equation that 


1 

'(j + l + 1)^' 


( 20 ) 


That is, solutions of the S. equation which are finite and continuous 
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for all values of x, and which vanish for ® = « , are obtained only for 
the series of discrete eigenvalues defined by the relation 






( 21 ) 


where n=j + l + l = 2Ba 

and i ^ 0, i ^ 0, while n ^ 1. 


Equation (21) is identical with equation (1) derived by the Bohr 
theory, and is in satisfactory agreement with observations on the 
energy levels for hydrogen-like atoms. 

Let us now consider the differential equation (17) which has the form 


Let 

and 

Then 


xdh 




P = 2i 1 
k — n + L 

n = ^(2n + 21-21-1 + 1) 
= i(2fc -p + 1), 

(n + D- (21 -I- 1) 

= k - p, 


( 22 ) 


and substituting for v in equation (22) from equation (18), the resulting 
differential equation has the form 

+ (P + 1 -x) ^+ (Jk - p)g{x) = 0. (23) 


This equation is satisfied by the associated Laguerre polynomial of 
degree (k — p) and order p, (p ^ k), which is designated by Ll(x). 
It is analogous to the associated Legendre polynomial of degree k 
and order m, P™ (*), and is derived in a similar manner from the Laguerre 
polynomial of zero order defined thus: 

= (M) 

This function, it will be observed, bears a distinct similarity to the 
Hemutian polynomial defined in equation (5.18). It is a polynomial 
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of degree kiax which is given by the following series ; 


Ltix) = 


«=o 


[fc(fc - 1) ... (A: - s + 1)]2 
s! ^ 


= (- 1 )* 


II 2! 


ly 




and satisfies the differential equation, 


X 


(Pgjx) 

dx^ 


+ (1 - *) 


dgjx) 

dx 


+ kg(x) = 0. 


(25) 


From this, by differentiating p times, equation (23) is derived, which is 
satisfied by the associated Laguerre function, 


Ll(x) £,L,{x). 


For k = n + I, and p = 2Z + 1, the associated Laguerre poly- 
nomial of degree n — I— li=k — p) and of order 2f + 1 is given 
by the series 


3=0 


{(n + OQV 

(n — I — 1 — s) ! (21 -j- 1 -|- s) Is! 


2 


(n + 1)! 


1 

(n-l- 1)!(21 + 1)! 


X 

(n- 1-2)1(21 + 2)11! 


(n - 1 - 3)!(21 + 3)!2! 


(_l)»-i 


(n + l)!(n - 1 - 1)! J ■ 


(26) 


The first ten of these polynomials are as follows:^ 

Ll(x) = 1; 

Li{x) = -a: + 1; Li(x) - -1 

Lzix) = »^ — 4a: + 2; Llix) = 2a; — 4, 

Ll(x) = 2 

Lt(x) = -x^ + 9a:* - 18a: + 6; Llix) = -3a;* + 18a: - 18, 

Li(a:) = -6a: + 18, 

Llix) = -6. 

^ Condon and Morse, Quantum Mechanics/’ p. 63. 
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Hence the solution of equation (17) is 

V„l-€ 2 

and consequently the solution of the S. radial equation (15) is 

Snl(x) = X^Vnl = « 2 x*L|!fz‘(x), 

where, accordii^ to equations (9), (13), and (14), 


(27) 


X = — = 2rV—An 
On 


= 2r • 27r 


V-2nEn ^ 

h 


(28) 


and n and I are the two integers designating the eigenfunctions 8(x). 

It is most convenient to measure r in terms of the radius of the Bohr 
orbit in the normal state of the hydrogen atom. Introducing the ex- 
pression of Eny given in equation (21), and the value of Uq, defined by 
(3c), into equation (28), the result is 


X 


2Zr 

nao 


(29) 


and in terms of Oo, the eigenvalues are given by 


En.l = 


ZV 

* ■ '■■■■'. ■ • 

2n*ao 


(30) 


The associated Laguerre polynomials form an orthogonal system, 
and in the present case it may be shown that the complete expression 
which must be normalized is of the form * 

x^+^r^^ LVtlix), 

and that the normalizing factor is given by the relation 

(iV=“i?)=* [&ix)? dx = . (31) 


If now, in accordance \nath equation (29), x is replaced by 2Zr/ (noo), 
the normalized radial function becomes 


Sni(r) 


(“Vf m'.-S; . ii-j. 

2n[(n + 1) !]^ V^Oo/ J \nao / 



• (32) 


®This is due to the fact, as shown in a subsequent section, that the function 
SHiir) • r* is required for the physical interpretation. 



188 


THE HYDROGEN ATOM 


Table 1 gives the expressions for the normalized functions Sni{p)) 
where p = 2Zrl{nao) is used as radial coordinate. The spectroscopic 
designation of the corresponding energy term is given in the first 
column. 


TABLE 1 

Normalized Radial Functions tor the Electron in Hydrooen-like Atoms^ 


noo 


Spectro^ 

scopic 

NoUUion 

n 

1 

I.VA 

-SnZO)) 

U 

1 

0 

-1 


28 

2 

0 

2p-4 


2p 

2 

1 

-31 


28 

3 

0 

-.3(p2 - 6p -h 6) 


3p 

3d 

3 

3 

1 

o 

24 (p -4) 

-51 

9 V 6 w 


9^30 \ao/ 


Figure 37 shows plots^® of the eigenfunctions Sni{r) associated with 
the values n = 1, 2, and 3 for the hydrogen atom (Z = 1), as functions 
of r/ao. 

® H. Bethe (“Handbuch der Physik,” XXIV, Part I, p. 274) and Pauling and 
Wilson (“Quantum Mechanics/' Chapter V) give the expressions for the eigen- 
functions corresponding to values of n > 3, in which, in order to make the functions 
positive for small values of r, the sign has been changed. Consequently, the func- 
tion designated by these writers as Rni(p) is identical with —Staip) as defined by 
equation (32). Obviously this difference in sign does not affect the value of the dis- 
tribution function {Sru(r) • r}*. 

This figure is taken from the treatise by H. E. White, “Introduction to Atomic 
Spectra.” Plots of these functions were first published by L. A. Pauling, Proc, Roy, 
Soc,f A114, 181 (1927). See also the summary by the same author in Chem. Rev,^ 
6, 173 (1928), and L. Pauling and E. B. Wilson, Jr., “Introduction to Quantum 
Mechanics,” Chapter V. 
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It will be observed that the number of zero points, or nodes (excluding 
that at r = 0), along the axis of r (or p) is identical with the value 
j = n — (1 + 1). Hence, j is designated as the radial qmrdum number and 



Fig. 37. Plots of normalized radial functions for different electronic 
states of hydrogen atom. 

is often denoted by the symbol rir. The comments of A. Sommerfeld 
upon this result are significant.^^ He writes: 

This leads to a simple wave mechanical interpretation of the quantum numbers; 
indeed, not only in the case of the radial coordinate and of the Kepler problem but 
in all cases where, using the polynomial method, we can apply the following defini- 
tion by forcibly breaking off an expansion in series, that is, by the degree of the result- 
ing polynomial: Quantum numbers denote the numbers of nodes in the proper functions 
that lie between the limiting points for the coordinate in question. This brings to mind 
the analogy of the vibrating string in which the ordinal number of an overtone is 
likewise measured by the number of nodes that lie between the fixed ends of the 
string. 


7.6 The Complete Solution of the S. Equation for the Hydrogen 
Atom. As stated at the beginning of this chapter, the complete solu- 
tion of the S. equation for the hydrogen-like atom must be an expression 
of the form 

where 

Ylm{0j ri) = XimiO) • Zm{ri) 

is a tesseral harmonic, which was defined in equation (^.43), with 
the normalizing factor given by equation (0.46). Furthermore, ac- 
cording to equations (0.19), (0.39), and (0.42), the individual nor- 

Sommerfeld, “Wave Mechanics,” English translation, p. 72. 
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mdlized functions of 6 and i; are given by the relations 

y (n\ + 1) (^ - w)!!^ ( .V 


ZM = -7= (34) 

V 2 ir 

Table 2 gives the expressions for these normalized functions for 
values of Z = 0 , 1 , and 2 . 

TABLE 2 

Norhauzed Spherical Eigenfunctions 
Z m Xi,„(e) Z„(ii) 


- sm. 


(3 cos* 9 — 1) 


3,/5 . 
2V3®‘ 

?t/5 • 

4 V 3*” 


sin 9 cos 9 


The function Zm(v) can be expressed in either the complex or real 
form thus; 

Zi iv) = -y= or Zi COB M = - 7 : cos i; 

V27r Vtt 

Z _1 (v) = — ^ s"*’ or Zi Bin (»?) = ^ sin i; 

V 27r Vtt 

Z 2 (i?) = «“’’ or Z 2 ooB (n) = ^ cos 2 )j 

V 27r Vtt 


Z_2(u) = or Z2 Bin (n) = ^ sin 2 , 

V2ir Vir 


and so forth. 
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The change in the coeflScient from 1/V^ to l/\/» takes care of the 
normalization. By means of the expressions in Tables 1 and 2, it is 
possible to calculate the expression for the normalized eigenfunction 
^nim, corresponding to any given values of n, I, and m. The functions 
for a few of the lowest states are as follows: 

For n = l,Z = 0, m = 0, which is the normal state for the hydrogen- 
like atom, 

1 / z\^ 

^100 = 7 =( — ) « “®. ( 36 ) 

V V \®o/ 

For n = 2, there are four eigenfunctions, one corresponding to 1 = 0, 
and three to 1 = 1, as indicated in Table 2. The normalized functions 
are as follows 


0200 = 

1 /Z\t/Zr A 
4V2^\ao/ \ao ) 

. g 2aQ 

(36) 


1 /Z\t 



0210 = 

— — { ) r cos d ■ 

4 V \^/ 


(37) 


1 /z\f 

Zr 


0211 = 

— , ( 1 r sin 0 • 

4V 2ir \«o/ 

g 2aQ^±iri^ 

(38) 


From equation (20) it will be observed that all the eigenfunctions for 
any given value of n have the same eigenvalue 


E 


zv 

2n*ao 


The state is, therefore, of the degenerate type. As was shown pre- 
viously, there are 2i -f 1 functions corresponding to any given value 
of 1. But for a given value of n, I can have the values n — 1, n — 2, 
... 0. Hence the total number of eigenfunctions corresponding 
to a given value of n is 

i: = {2(n - 1) -H 1} + {2(n - 2) + l} + . . . -b 3 + 1 = n*. 

Thus the degree of degeneracy for quantum number n is n*. This 
conclusion may be illustrated by the following table giving the different 
possible values of the quantum numbers n, I, and w, and the corre- 


A table of the hydrogen-like wave functions for the values n = 3 is given in 
Pauling and Wilson, ‘‘Introduction to Quantum Mechanics,” pp. 138^-9, also in 
Ruark and Urey, “Atoms, Molecules and Quanta,” p. 664, and Sommerfeld, “Wave 
Mechanics,” p. 71. 
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spending spectroscopic designations for the lower energy states of a 
hydrogen-like atom. 


Spectral 

Designation 

Quanium 

Number 

Designation 

of4> 

n 

1 

m 

Is 

100 

1 

0 

0 

28 

200 

2 

0 

0 

2p 

210 

2 

1 

0 


211 

2 

1 

d=l 

38 

300 

3 

0 

0 

3p 

310 

3 

1 

0 


311 

3 

1 

±l 

3d 

320 

3 

2 

0 


321 

3 

2 

±1 


322 

3 

2 

±2 


The integer n is known as the total quantum number. The number I, 
which is associated with the azimuthal angle 0, is designated the azimuthal 
quantum number, while m, which is associated with the angle i), is 
designated the magnetic quantum number. 

7.6 Quantum Mechanics Interpretation of the Characteristic Func- 
tions. In quantum mechanics the eigenfunction 0, obtained by solving 
a S. equation, has no direct physical interpretation. But ^ or <i>^ 
(if the function is real) is interpreted as representing a probability of 
occurrence. In the case of the hydrogen atom, 0) n) is a function 

of three coordinates. Omitting the subscripts and considering only 
the normalized functions, the expression 

Udv = S^ir) . X^(0) • Z{n)Z{v)dv 

is regarded as denoting the probability of occurrence of the electron in 
the element of volume dv, at the point whose coordinates are r, 0, and ij. 
As shown in Chapter IV, 

dv = 7^ sin 0drd0dt), 

while the element of area on the surface of the sphere at r is 

dA = sin 0d$dfi. 

Since Z(ri)Z{ri) = l/(2ir), it is evident that the probability of oc- 
currence of the electron is independent of the angle q. 

Hence, 
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is the probability of occurrence of the electron per unit solid angle at 
any given value of 6. It is evident that this interpretation is equiv- 
alent to the statement in Chapter VI that P is a measure of the prob- 
ability of occurrence per unit area on the surface of a sphere described 
about the origin of coSrdinates. That is, the magnitude of P at any 
given value of is a measure of the electron density on the corresponding 
zone (since P is independent of ij). 

In Figs. 34 and 35 plots were shown of the function P in the cases 
1 = 3, OT = 0 and Z = 3, m = 3, respectively. Figure 38, taken from 



Fio. 38. Angular distribution functions for different electronic states of 

hydrogen atoms. 


the treatise by H. E. White,^® shows similar plots of the probability 
density distribution as a function of B for different electronic states of the 
hydrogen atom. In the case n = 1, Z = 0, the function P is spherically 
symmetrical, that is, P is independent of $. But in the case n = 2, 
I = 1, three states are possible, corresponding to m = 0, ±1. As 
White describes the plots: 

For these three states, P gives the charge distributions shown at the right and top 
in Fig. 38. Each curve is shown plotted symmetrically on each side of the vertical 
axis in order to represent a cross section of the three-dimensional plot. Three- 

** “Introduction to Atomic Spectra,” p. 63. In this book the symbol $mi is 
used for the function (cos $), and the latter is used to designate the derivative 

^Pl(x)/dx” 
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dimensional curves are obtained by rotating each figure about its vertical axis. It 
should be pointed out that the electron is not confined to the shaded areas in each 
figure. The magnitude of a straight line joining the center and any point on a given 
curve is a measure of the electron’s probability of being found in the direction of that 
line. 

These figures indicate that for all wi = 0 states, with the exception of s-electrons, 
the charge density is greatest in the direction of the poles, i.e., in the direction 0=0 
and IT. The exponent of being zero implies that there is no motion in the ij- 
cobrdinate and that the motion of the electron, i.e., the plane of the orbit, is in some 
one meridian plane through the ij-axis, all meridian planes being equally probable. 

For m = ±1, P has its ma»mum in the direction of the equatorial 
plane, while for 0 < | m | < 1, P has maxima oriented in definite di- 
rections. 

These plots correspond very well with the deductions based on the 
classical Bohr theory for the directions of orientation of the electronic 
orbits. In a subsequent section it will be shown that, on the basis of 
the S. theory, the total angular momentum of the electron in its orbit 
is given by Af = VlQ + 1) • h/{2ir) and that the component of angular 
momentum about the z-axis (the axis through 6 = 0 and t) is 
Mg = m • h/{2x). This means that, for absolute values of m greater 
than zero but less than I, the orbits are oriented with respect to the 
z-axis. 

Figure 38 shows the classical oriented orbits for each state, below the 
corresponding plot of P. The orbits are drawn slightly tilted out of the 
normal plane in order to show an orbit rather than a straight line. It 
should also be added that in the plots “ for states m = 0 the scale is 
approximately 1/{1 + 1) times that of the other states having the same 
value.” 

Let us now consider the radial function. In this case, the square of 
the normalized function should evidently be interpreted as the 

probability of occurrence of the eUclron per unit length at the point whose 
distance from the nucleus is given by the value of r. 

However, a much better physical interpretation of the behavior of 
the electron in a hydrogen atom is obtained by use of the so-called 
distribution function, designated by D, which is derived from S{r) 
thus. 

The volume of the spherical shell between the radii r and r + dr 
is evidently given by 

^(^n^dr = irr^dr. 
dr\3 / 

Hence, 


4«-2{S„z(r)pdr = D>dr 


(39) 
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is a measure of the probability of occurrence of the electron in a spherical 
shell of thickness dr and of radius r. 

Figure 39, taken from the treatise by H. E. White, gives values of 
D as functions of r/a^ for different electronic states of the hydrogen 
atom. It will be observed that in all cases D = 0 for r = 0. This 




Fig. 39. Radial distribution function (D) for different electronic states of hydrogen 
atom, and Bohr orbits for comparison. 


arises from the fact that the volume of the spherical shell of thickness 
dr becomes infinitesimally small as r decreases to zero. Stated in other 
terms, D = 0 at r = 0 because of the factor r^. 

On the other hand, ^ plotted as a function of r, or S^{r), may be 
quite large at r = 0. This is illustrated by considering the case n = 1, 
I = 0 (the normal state of the hydrogen atom). From equation (35) 
it follows that 


5lOO01OO = 


1 



6 


2Zr 
«0 . 


That is, the probability density is a maximum at the origin and decreases 


White, op. ci^., p. 68. Similar plots are given in Pauling and Wilson, “Quantum 
Mechanics,” p. 143. 
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exponentially with increase in r. Thus for r - Oo/2, the value of ^ 
is 1/e times (36.8 per cent) its value at r = 0. 

The function D for this state is pven by 

/7\3 -Ml 

i) = 4Tr2?^ = 4^-jr2e “o. 

It has a maximiun at a value r = which may be calculated as 


follows: 

dD „ 

For 


Hence, 

-0. 

Oo 

For 

Z = l,rm = Oo- 


Figure 40^® shows the function <#>ioo for the hydrogen atom, at the 
top, p = <^100 in the center, and D at the bottom, each plotted as a 

function of r (in Angstrom). The dis- 
tribution function exhibits a maximum at 
exactly that value of r which was deduced 
by Bohr as the radius of the circular elec- 
tronic orbit in the normal state. On the 
basis of the Bohr theory, it was also shown 
that the orbits for the 2p and 3d states 
should be circular and of radii 4ao and 
9oo, respectively. A simple calculation 
shows that these are exactly the values at 
which the corresponding D-functions ex- 
hibit single maxima, as indicated by the 
plots in Fig. 39. 

Figure 41 gives a more graphical inter- 
pretation of this function for the case 
n = 2, I = 0 (spectroscopic 2s state). “ If 
we could imagine the electron in a hy- 
drogen atom replaced by an infinitesimal 
source of light, the net effect of the fluc- 
tuation in the instantaneous location of the electron over a period of 
time would result in an image which would be brightest at those points 
where the probability of occurrence is greatest.”^® 



Fig. 40. Plots of characteristic 
function (^loo), density per 
unit length (p), and distri- 
bution function (D) for normal 
state of hydrogen atom. 


^ Pauling and Goudsmit, “The Structure of Line Spectra,” p. 30. 
S. Dushman, J. Chem. Education, B, 1074 (1931). 
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Figure 42^^ gives a photograph of a three-dimensional representation 
of the disHbution function for n 2, Z » 1, m 0 (spectroscopic 
2p state). Most of the charge lies in the region indicated by the 
boundaries, but actually the density decreases exponentially with r 
in the space outside the boundaries. 



Fig. 41. Illustration of probability of 
occurrence of electron for excited 
state of hydrogen atom (n = 2, 
I = 0 ). 



Fig. 42. The charge density distri- 
bution for n * 2, 1 = 1, m = 0. 

The boundaries of the figure are 
too sharp, for the charge extends 
throughout space, though most of 
the charge lies in the region indi- 
cated by the figure. 


7.7 Comparison between Deductions from Classical and Quantum 
Mechanics. The difference between the wave mechanics point of 
view and that of the Bohr theory is brought out by comparing this 
conception of a probability density distribution for the electron with 
that of an electron revolving about the nucleus in a definite elliptic orbit. 
According to the older theory, which was discussed in Chapter IV, the 
magnitude of the major axis of ellipse is determined by the value of n, 
while the ratio of minor axis to major axis is given by the value of 
fc/n where k is designated the azimuthal qu antum n umber. In the new 
theory, the latter has to be replaced by ^1(1 + IX With this modi- 
fication, the corresponding orbits, as deduced from the older theory, 
are indicated on each of the plots of D in Fig. 39. The origin is taken 
as one of the foci of each ellipse, so that the distances from the oripn 
along the axis of r to these curves pve the mfodmum and minimum dis- 

‘’f H. C. Urey, J. Chm. Education, 8, 1114 (1931). 
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tances of the electron from the nucleus according to the Bohr-Sommer- 

feld theory. 

On the basis of classical mechanics the electron was confined in its 
motion to an orbit of definite dimensions, determined by the magni- 
tudes of En and of k/n. Although the new theory replaces this con- 
ception by that of a distribution function for the occurrence of the 
electron as a function of r, there is this point of resemblance between 
the two theories, that the function D always exhibits an exponential de- 
crease with increase in r beyond the maximum value of the latter which is 
given by classical theory. 

This conclusion is readily deduced by means of the following argu- 
ment. 

Let us consider the S. radial equation (8) which, when multiplied 
through by r, becomes 


r 


d^S 2dS 
dr^ dr 


^ , 2B m -b 1) 


Sr = 0. 


(40) 


Put B = rS, so that = D/4ir. Hence, 


dr 



dr^ 


= r 


d^S 2dS 
dr^ dr 


and equation (40) becomes 


fR 

dr^ 


+ 


r r^ J 


Substituting for A and B from (9), the last equation becomes 

l{l+l)] 


dr^^l h^ \ ^ r ) 


R = 0. 


From equations (1) and (3c) it is readily seen that 


Sir^pE 


- (~Y- 

\nao/ ’ 


and 




oor 


Then equation (41a) becomes 

^ _ if. 

dr^ |\/i 


zV 


Knao/ 


2Z l{l + l) 
Oor r® 


« 0. 


(41o) 


(41b) 
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For very large values of r, the terms containing 1/r and 1/r® become 
negligible, and the differential equation assumes the form 



The solution of this equation which vanishes for r — ♦<» is 

Zr 

R^Ce 

which shows that S = i2r“^ must decrease exponentially with increase 
in r. 

The condition that the function R shall exhibit a point of inflection 
is given by d^R/dr^ = 0. Hence, either ft = 0 (which is physically 
untenable) or 

i(i + 1) _ ^ ^ / AV = 0. 

dor \nao/ 

Solving this quadratic equation in (1/r) we obtain the two roots 

1 z i , W+^\, 

r l(Z + l)aol \ n" I 

Hence, 

nao Ijl + 1) 

- l(l + 1) 
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of r. These values correspond to those determined by the Bohr- 
Sommerfeld theory for orbits of total quantmn number n and azimuthal 
quantum number k. 

It is thus evident that the points of inflection on the distribution curves 
must occur at those values of r which represent the maximum values 
for the classical orbits. That is, the maximum value of the function D 
always occurs in the region inside the boundary deduced from classical 
theory. 

There are some other distinct points of similarity in the conclusions 
derived by means of both the older and newer theories. Th\is, as 
mentioned previously, for the Is, 2p, and 3d states the values of D 
show single maxima at those values of r which are the radii of the 
corresponding Bohr circular orbits. 

A still more striking similarity in the conclusions deduced from the 
Bohr-Sommerfeld theory with those derived from the calcidation of the 
function D is obtained by comparing the average value of r as computed 
by each method. 

According to equation (4-98), the average value of r on the basis of 
the Bohr theory is given by 

1 C' 

f = - I rdt 
tJo 



(43) 


For the quantum mechanics case, in accordance with equation (5.30), 


f 




(44) 


where D, as defined by equation (39), is the probability of occurrence 
of the electron in a spherical shell of thickness dr at the distance r from the 
nucleus. 

For the normal state of the hydrogen-like atom (« = 1, I = 0), 
if we use normcdized fimctions, the denominator in (44) is equal to 



RELATION BETWEEN KINETIC AND POTENTIAL ENERGY 201 


unity. Hence, 



2r 

£ “ordr 



where p = 2Zr/ao. 

The value of the integral in the last equation is given in tables of 
definite integrals (see Appendix III) as 3! Consequently, 


f 


3 do 
2 '¥’ 


(45) 


which is the same as that derived from equation (43) for = 0. 

More generally the average value of any power s of r, for any state 
of the hydrogen-like atom, is given by the relation 


f» • i7rr^Sli{r)dr. 


(46) 


The method of evaluating the integral in this equation hsis been 
discussed by I. Waller,^* and in the case of s = 1, the relation derived 
in this manner has the form 




(47) 


It will be observed that this relation is obtained from equation (43) by 
substituting i(J + 1) for the square of the azimuthal quantum number k 
which was used in the Bohr theory. 

7.8 Relation between Kinetic and Potential Energy Deduced from 
S. equation.^® For the classical case, the average potential energy is 
pven, as shown in Chapter IV, by the relation 


V = 


o„ 


(48) 


and, since E is a constant, the average kinetic energy must be given by 
the relation 


f=E-?= 


- 




18 Z. Physik, 38, 635 (1926). 

1® White, ‘‘Introduction to Atomic Spectra,” p. 69; Pauling and Wilson, “Intro- 
duction to Quantum Mechanics,” p. 144. 

^ The remarks in this section are based on a discussion of this topic in lecture notes 
by Dr. F. Seitz. 
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This relation between the two forms of energy is regarded as a balance 
between the so-called centripetal force of attraction between electron 
and nucleus and the centrifugal force due to the orbital motions of the 
two particles. Classical mechanics does not provide any criterion for 
the determination of stationary states; this is supplied in the Bohr 
model by the Wilson-Sommerfeld quantum conditions. 

In quantiun mechanics, on the other hand, we do not associate 
position with kinetic energy, and the “ picture ” which we obtain of the 
atom is that of the “ electron cloud ” for which the charge distribution 
is derived from knowledge of the wave function associated with the 
particular eigenvalue En which characterizes any given state of the 
system. What inferences can we draw from this concept regarding 
the average values of potential and kinetic energy? 

The average value of V is given by 

V = (50) 


Let us consider the case n == 1, J = 0, for which <^ioo is given by 
equation (36). 

7 \3 /%oo 

^ r* “odr 


r^ioor-Vioodr = 4^)' f 

«/0 \® o / ^0 

= — I € ^pdp = — • 
aoJo Oo 


(51) 


Hence, 


do di 


where oi is the radius of the corresponding Bohr orbit. (See equations 
(36) and (3c).) 

Similarly it may be shown^^ that for any other value of n 

dn 





\r/ Oon® aiTi^ 

and 

dn 

while 

)) 

li 

1 


“ H. Bethe, “Handbuch der Physik,” Vol. XXIV, Part I, pp. 282-286. 
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That is, the average value of 1/r and the average values of the po- 
tential and kinetic energies, as derived on the basis of quantum me- 
chanics, are identical with those derived in the Bohr theory. 

In ordinary electrostatic theory, the potential energy in the field of a 
positive charge Ze (at the origin), due to a negative charge distribution 
defined by the function ea{r, 6, ri) is given by 

V = -Ze^J^dr. 


It is evident that equation (50) merely expresses the same relation, 
in which cr is replaced by 1 <#>» 1^. 

It is also of interest to consider these conclusions, regarding the 
eigenfunctions and eigenvalues for the hydrogen-like atom, from an- 
other point of view which will be found of great assistance in dealing 
with other atomic and molecular systems. 

We can write the S. equation for any system in the form 


H<t> 




+ vy^ 


E<l>, 


(52) 


where H is designated the HamiUonian operator, and a* = SirVA*- 
That is, if 0 is an eigenfunction of the system, then the result of operating 
on it with H should be equal to E<l> where ^ is a constant which is 
known as the total energy. 

Multiplying both sides of (52) by $ and integrating over the con- 
figuration space, we obtain the relation 



J $V20dT4- f 



Since F is a function of the coordinate variables, E is b, constant, and 
<l) is assumed to be normalized, the last equation can be written in the 
form 




(53) 


As shown already, the second integral corresponds to the average 
potential energy, and therefore the first integral must correspond to the 
average kinetic energy of the particles constituting the system. In a 
subsequent chapter it will be shown that if the form of the function ^ 
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is chosen in such a manner as to make E a minimum, then ^ will be a 
solution of the S. equation (52). 

Now let us consider the factors which govern the actual values of each 
of the integrals in equation (53). For the purpose of such discussion 
it is convenient to assume that is a real function of the three rectangu- 
lar coordinates. However, the conclusions which we shall derive are 
equally applicable to the case in which is a complex function of any 
other set of curvilinear coordinates. 

In terms of rectangular coordinates, the left-hand integral in equation 
(53), which we shall designate by It, has the form 

, I r 

7r= + + 

Now 

dz\dx) \dx) dx^ 

Hence 

4>d<t>T -L A 

But in order that <i> shall be a “ sensible ” solution of the S. equation, 
this function must vanish at the limits a: = ± « , and the same con- 
ditions must apply with respect to the y and z coordinates. Hence, we 
obtain the relation 



which shows that /r is positive. Now d(f>fdx, d<l>ldy and d<l>fdz cor- 
respond to the components of the gradient of the function <l> with 
respect to each of the axes of coordinates, where we define the gradient 
d<f>/dn, as the rate of change in <t> with distance measured along the 
normal to the surface representing the function 4>. (See Appendix IV.) 

Hence, the last relation can be written in the form 



It is evident that in the case of a spherically symmetrical function, 
such as that for the lowest state of the hydrogen atom, will be 

identical with d0/dr. 

Since It is positive and the term involving V in equation (63) is 
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negative for stable states of the system, it is evident that these two terms 
tend to counterbalance each other. In order to minimiz e E we might 
attempt to minimize V by locating the electron in the hydrogen-like 
atom as near the nucleus as possible, since this would increase the 
absolute value of Ze^/r. But this will tend to make T very large because 
of the increased value of d(j>/dn. That is, the fimction <i> will change so 
rapidly with decrease in r that d<^/dn will assume very large values and E 
will not be as negative as possible. 

On the other hand, if the form of 4> is chosen in such a manner as to 
make T small, this means small values of d<t>/dn and a consequent 
“ spread ” over a large range of values of r in the function </> and in 
the corresponding charge distribution function e^. Such a function 
will not, however, give a charge distribution which is localized in the 
most satisfactory manner in the regions of negative V, with the result 
that, again, E will not be as low as possible. The best wave function 
will therefore have a form which is intermediate between these two 
extremes, and as shown previously, the compromise actually obtained 
is such that 

T = -^F, and E = T + V = 

We can draw the same conclusions regarding the necessity for a com- 
promise between f and V from the Principle of Indeterminacy. For this 
purpose we shall write the expression for the average kinetic energy in 
the form 

f = Av. of ^ ipl+ pI -I- pi), 

where px, Py, Pz are the components of momentum with respect to the 
three coordinate axes, and we consider the mean value of the sum of the 
squares of these components. From the relation 

Ap ' Aq^ h 

it is seen that if we choose <t> in such a manner as to make Aq very small 
(that is, confine the electron to a limited region of space, as in the Bohr 
theory) then Ap must become very large, and since the average value of 
T for one coordinate is approximately (Ap)^/ (2p), the kinetic energy 
will also increase enormously. On the other hand, the potential energy 
will vary as 1/Ag, that is, V will be lower (more negative), the smaller 
Ag. The best compromise is obtained by choosing such a form for <ft 
that the charge will be spread over a fairly extensive range of values 
of r, so that, as a consequence, the magnitude of either T or F will not 
become excessively large. 

These considerations will appear as specially important when we 
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come to deal with atomic systems involving more than one electron 
and with molecular systems. In these and similar cases, the distribution 
functions for the electrons must satisfy the condition that the total 
energy of the system, as derived from an equation such as (53), shall 
be a minimum. 

7.9 Angular Momentum of Electron. In the last section of Chap- 
ter VI it was deduced that the average value of may be computed 
from the relation 

where Cl is an operator defined in terms of 6 and i?. 

In order to determine whether the electron in state n, J, m possesses a 
definite value of M, it is necessary to find whether the relation 

has solutions of the form 

where a is a constant. In that case the solution is =* a. 

For the electron in the hydrogen-like atom 

^nlm “ * Yim(0y 7l), 

Hence, 

= M^Snl(r) • YimiO, v) 

since is an operator which does not involve r. 

But from the solution of equation (5.14) it follows that 

QYlm = -1(1 + DVjrn. 

Consequently, 

^^.1(1+ 1)YU0, „)Sni(r) 


hH(l -I- 1) 
4^2 


• <^nlw 


Hence we conclude that the solution is 

4 t 2 


(55) 
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That is, in the state of quantum number I, the total angular momentum 
is Vl{l + 1) in units of h/2ir. In a similar manner it may be deduced, 
as in the case of the rigid rotator, that the angular momentum with 
respect to the z-axis is 



( 66 ) 


COLLATERAL READING 

The most complete treatment of the hydrogen atom system is given in Pauling 
and Wilson's “ Quantum Mechanics," Chapter V, and by H. Bethe, in '' Handbuch 
der Physik," XXIV, Part I, pp. 274-289. The latter discusses the Laguerre functions 
very fully. 

In connection with section 9, the readers should consult the discussion by Slater 
and Frank, “Theoretical Physics," Chapter XXIII, and also the remarks by H. E. 
White, “Introduction to Atomic Spectra," Chapter IV. 



CHAPTER VIII 
VAN DER WAALS FORCES 


8.1 Van der Waals’ Equation. An ideal or 
the equation of state 


PV = nRT, 


“ perfect ” gas obeys 


(i) 


where P is the pressure; F, the volume; n, the number of moles; T, the 
absolute temperature; and i2, the gas constant/^ For P in atmospheres 
and V in cubic centimeters, R = 82.05 (cm.^ atmos. deg.“"^ mole“"^). 
This equation is valid for low pressures and comparatively high tem- 
peratures, where forces of attraction and repulsion between molecules 
in the gas have a negligible effect. But at higher pressures or low 
temperatures, especially near those of condensation to the liquid state 
and at pressures of the order of an atmosphere or higher, it has been 
found that equation (i) is not in agreement with the observed data. 
A very large number of empirical or semi-theoretical equations of state 
have been suggested, but that postulated by van der Waals is the best 
known and has been accepted most generally. This equation has the 
form 

(p+:^)(V«-b) = (ii) 


where Vm is the volume per mole, and a and h are constants whose 
values are determined from actual observations on the relation between 
Pj Vfm and T over a range of pressures and temperatures. 

In this equation the constant b is given by the relation 


6 = iNv 


2irNrl 
3 ’ 


where N = Avogadro’s number = 6.064 X 10^® molecules per mole;^ 
V = volume of a molecule = (^)jrro, where Tq = distance between 
centers of molecule = molecular diameter. 

The constant a is derived from the following considerations. The net 
force acting between two molecules is the resultant of a force of attrac- 

^ Values of physical constants used by the writer are those given by R. T. Birge, 
Phya. Rev, 1 (1929); also “ Smithsonian Physical Tables,” edited by F. E. 

Foule, 1933, pp. 73-107. Also see Appendix II. 
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tion which varies with the distance according to a law of the form 



and a force of repulsion, which may be written in the form 



where A, B, m, and n are constants for any ^ven pair of molecules. 
Hence the total force acting between the two molecules is 


/ = 



(iii) 


The mutual potential energy U{r) is given by 

U(r) - -Jjir . - • (") 

If the molecules (or atoms) condense to form a solid lattice, they will 
assume positions of equilibrium such that / = 0, and consequently 
dU /dr = 0, that is, the potential energy will be a minimum for the posi- 
tion of equilibrium. Let be the value of r for this condition. Then 


and the mutual potential energy becomes 


t/o = 



A in — m) 

(n - 1) (m - 1) ■ 


(vi) 


Since Uq is negative, it follows that n must be greater than m. An 
illustration of such potential energy plots is given at the end of this 
chapter (Fig. 51). 

In terms of 17 (r), as determined by means of equation (iv), the con- 
stant o is given by the relation^ 




a = — 


1.013 X 10®. 


f Uir) ‘ r^dr, 

«/ ro 


(vii) 


where a is in atm. cm.® mole and 1 atmosphere = 1.0132 X 10® 
dynes/cm.^ 

* F. London, Z, Physik, 63, 245 (1930). See also references to collateral reading 
at the end of the chapter. 
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It should be added that according to van der Waals 


b 


RTc 

8Pc 


a 


27 

M' Pc 


I 


(viii) 


where Pc and Tc are the critical pressure and temperature, respectively. 

The problem regarding the origin of these attractive forces between 
molecules engaged the attention of many investigators and various 
explanations were suggested. Each of these hypotheses was, however, 
found to be unsatisfactory, and it was only on the basis of wave me- 
chanics that a satisfactory theory was ultimately developed by F. Lon- 
don^ in 1930. According to this point of view, the van der Waals 
forces of attraction are shown to be due to a dynamical polarization of 
each molecule in the electric field due to its neighbor. The motion of 
the electrons in one molecule or atom modifies that of the electrons in 
the other molecule or atom in such a manner that the electrons tend on 
the average to move in phase. The forces that arise are thus similar 
in nature to those between dipoles. (A dipole is a system consisting 
of a positive and negative charge located at a definite distance from 
each other. If e denotes the magnitude of the charge at each ‘‘ pole,’' 
and I, the distance between the point-charges, the dipole moment is 
given hy iJLe — el.) Only in the case of attraction between atoms or 
molecules the dipole moments fluctuate between maximum and mini- 
mum values and the relative orientations vary continuously. 

The theory of London and similar considerations by J. C. Slater and 
J. G. Kirkwood^ lead to the conclusion that the van der Waals attrac- 
tive force between two molecules varies inversely as the seventh power 
of the distance. On this basis it has been found possible to calculate 
from the electron configurations of monatomic molecules (e.g., the rare 
gases) values of the constant a which are in satisfactory agreement 
with the values deduced from the equation of state or from critical 
data. 

In order to understand better the point of view and the arguments 
developed by London, we shall consider first a phenomenon in classical 
mechanics which presents a certain similarity, from the mathematical 


® F. London, he. dU, also Z. phyaik, Chem.f Bll, 222 (1931). It should be men- 
tioned that S. C. Wang, Phyaik. Z., 28, 663 (1927), first suggested the theory of 
dipole interaction, but his method of calculation led to results which have not been 
confirmed by subsequent investigators, 

^Slater and Kirkwood, Phys. Rev., 37 , 682 (1931). 
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point of view, to the interaction of two atoms as postulated by the 
wave mechanics theory. 

8.2 Two Interacting Pendulums. Whenever we have two vibrating 
systems which are coupled, however weakly, it is possible for an inter- 
change of energy to occur between them. The simplest illustration of 
this phenomenon is the behavior of two identical pendulums mounted, 
adjacent to each other, on a support which permits the motion of one 
pendulum to be transmitted to the other. The following description 
of the behavior of the pendulums is taken from the discussion by 
C. G. Darwin.® 

We set the pendulum A in motion, while B is at rest. If the support were quite 
rigid A would go on swinging, and B would stay at rest. But there is a small effect 
on B through the give of the support, and consequently B begins to move. What 
happens is rather striking, for B starts swinging more and more and at the same 
time motion diminishes until B is swinging to the full amount while A has come 
to rest. Afterwards the motion is transferred back to A again, and it continues 
passing from one to the other until the motion has died away altogether. 

The reason for this behavior is easily understood. The system of the two pen- 
dulums, like every other vibrating system, has normal modes of vibration, but 
these do not consist one in the motion of A and the other in the motion of B. The 
modes are shown in Fig. 43. In one of them A and B are swinging equally both 



Fig. 43. Illustrating the two modes Fig. 44. Motion of each pendulum as 

of vibration of two interacting pen- a superposition of the two modes, 
dulums. 


to the left at the same time, and in the other they arc also swinging equally, but 
now when one is to the left the other is to the right. distinguish the two modes 
I shall call them by names of which the application is not very obvious for the 
pendulums, but which are convenient because they are used in the quantum theory. 
The first is the symmetric mode, the second the antisymmetric. The two modes 
have frequencies of vibration which differ from one another a little, because the 
effect of the yielding support is different in the two cases. The motion we described 
before in which B and A alternately come to rest is the superposition of these two 
vibrations. At one time the phases of the two modes are such that A is to the left 
at the same time for both. Then B would be to the left for one and to the right 
for the other and so by the principle of superposition it is at rest. Later, on account 
of the slight difference of the frequencies of the modes, it will occur that the two 
modes are in opposite phase for A, and therefore in the same phase for J5, and conse- 
quently the motion will now have passed entirely to B. The exchange of the motions 

® Darwin, “ The New Conceptions of Matter,” Chapter VIII. 
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is illustrated in Fig. 44. It is perhaps well to notice that in likening the exchange 
of motion of the pendulums to the beats of the two piano wires, the analogy is not 
between each wire and each pendulum, but between each wire and each mode of the 
two pendulums. It is the two modes that beat together. 

The relation between the frequencies of the two modes and that of 
each pendulum when not affected by the presence of the other and the 
character of the motion of each pendulum when interaction occurs are 
described in the following remarks by N. F. Mott.® 

The frequencies of the system in these two normal modes are not equal to one 
another, and neither is equal to the frequency with which either pendulum would 
oscillate, were the other one absent. Let us call this latter frequency v and the 
frequency with which the pendulums vibrate in phase vi, and with opposite phase 
y 2 - One can see that P 2 is greater than v and less than v. For when they are 
swinging in opposite phase, the pendulums are, so to speak, pulling one another back 
all the time, and so increasing the restoring couple. The frequency must therefore 
be greater than it would be in the absence of one of the pendulums. When the 
pendulums are swinging in the same phase, the opposite is the case; the pendulums 
help each other to swing outwards, the restoring couple is decreased, and so the 
frequency is less than it would otherwise be. One can also see that the amount by 
which PI and P 2 differ from p depends on the strength of the coupling between the 
pendulums. For instance, if the string on which the pendulums are hung be fairly 
tight, and the two pendulums are hung very near to opposite ends of the string, then 
PI and P 2 will not differ from p by as much as they would if the pendulums were hung 
nearer to the middle of the string. 

It is on the existence of these two different frequencies pi and P2 that the slow 
exchange of energy from one pendulum to the other and back depends. If any 
system is capable of vibrating in a certain number of normal modes, then the most 
general vibration possible is obtained by superimposing these normal modes, one 
upon the other. In our case, if (?i, 62 are the angles through which the two pendu- 
lums have swung at any moment, then the equations, giving 61 and 02» for the first 
normal mode (when the two vibrate in phase) are 

di — A cos2fr{vit + a), O 2 — A cos 27r(pi< -f* «)• 

In the second normal mode (in which the pendulums swing in opposite phase) 

$1 ^ B cos 2 t(p 2^ -+• 02 = “• S cos 27r(p2< H“ j3). 

A and B are arbitrary amplitudes, a, 0 are arbitrary phases. The most general 
possible vibration, obtained by adding together these two, is 

01 = A cos 2x(pi< + a) + B cos 27r(p2^ + fi) 

02 = A cos 2 ir{p\t + a) — B cos 2ir(p2^ + /5) 

The angular velocities of both pendulums can be found by differentiating these 
equations with respect to t. Now suppose we start the system swinging at time 
< = 0, with one pendulum at rest in its position of equilibrium, and the other pulled 
aside through an angle C. Then at time t »= 0, say, we must have 

« 0, 02 = C, 02 « 0. 

* Mott, “ An Outline of Wave Mechanics,” Chapter VI. 
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The constants A, B, a, p are therefore determined. We find that 


a * » 0; A 



Writing (ix) in a slightly different form, then, we have for ^i, at any time 


and for $2 


Bi = —Csin 


02 = Ceos 2 




(X) 


(Xi) 


Now, Vi and V2 are only slightly different from v and from each other. Therefore 
the second factor in (x) and (xi) has a very much longer period than the first. Each 
of the expressions (x) and (xi) then represents a vibration with frequency very nearly 
equal to Vy and with varying amplitude 


cos 2 


While the amplitude of the one increases, the amplitude of the other decreases. In 
fact, a measurement of the time that it takes for the energy to go over from one 
pendulum to the other and to come back again amounts to a measurement of — V2» 
If the coupling between the two pendulums is strong, this time will be shorter than 
if it were weak. 



Fig. 45. Plot of the function y = sin 2Trvt • sin 2w(vtl9). 


It is interesting to realize the interpretation of the expressions for 6i 
and $ 2 . Figure 45 gives an illustration of such a vibration in which 

. . . 

6i = y = sin 2irvt • sm = yo sm 2Tvt, 

m 

where v/m = (I'l — • j'2)/2, = (I'l + J'2)/2, and m = 9. That is, 

the period (r = \/v) of the vibration of frequency (j'i — V 2 ) is nine 
times that of the frequency (vi + ^ 2 ). The expression for O 2 in equa- 
tion (iii) gives the same curve, but for t = 0, it has a maximum value 
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corresponding to the abscissa ir/2, instead of the value 0 which is 
obtained in the case of $i for t = 0. 

8.3 Electron in Two Adjacent “ Boxes.” As mentioned in Chapter 
III, an electron in a potential box ” resembles in its behavior that of 
the electron in a hydrogen atom. The electron in the box possesses 
a series of discrete energy states because it is only for these states 
that stationary de Broglie waves are obtained by the reflection of the 
wave motion at the walls. For an electron between barriers a distance 
2a apart, the energy states are given by the relation 



/mV 

\2a) 8m ’ 


(S.29) 


and according to equation (S.30), the eigenfunction for the lowest 
state El is 

<l>i = 2A cos ax, 


which determines the probability amplitude for the electron inside the 
barriers, while outside these barriers the eigenfunction is 

<t>n: III = 2A cos aa ■ 


In these expressions, 

J StV® ixMV-E) 
« - — 


where E = Ei (in this case) and U (» E) is the value of the potential 
energy outside the barriers. 

Now let us consider the behavior of an electron in a potential energy 
field such as that shown in Fig. 46(a), which corresponds to two potential 
boxes (of atomic dimensions) adjacent to each other.'^ Evidently, if 
the compartments are very far apart (relative to the dimensions of the 
compartments), the electron will remain for a very long period in the 
particular region in which it is placed. But as the distance between 
the boxes is decreased, there will be an increasing probability of pene- 
tration from one region into the other, and for relatively small distances 
(of the order of the de Broglie wave length) there is an equal probability 
for the occurrence of the electron in either box, if observations are 
carried out over a sufficiently long period. 

This is due to the fact that the 0-“ pattern ” for each energy state 
extends over all the space outside the barriers, and there will be a por- 
tion of the cosine curve in each compartment. In Fig. 46(b) the curves 

^ See non-mathematical discussion of this case by R. W. Gurney, “ Elementary 
Quantum Mechanics,” pp. 44-48. 
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MFK and NGU show that each ^plot extends into the other box when 
the two boxes are a distance 26 apart, where 6 is comparable with a; 
the ordinates of the exponential portions at the edge of the other box 
{BK or AH) are no longer vanishingly small. There is a possibility 
of interaction, analogous to that observed in the case of the two pendu- 



Fig. 46. Illustrating the two eigenfunctions for electron in two 
adjacent “boxes.” 


lums, and the two </>-curves which were quite separate for the boxes at an 
infinite distance will merge into one. 

When we consider the problem of joining these two curves by a curve 
which shall be continuous and of finite amplitude at all points between 
the two boxes, it is seen that there are two solutions possible. These 
are shown in Fig. 46 (6) and (c), corresponding respectively to the 
symmetrical and antisymmetrical modes of vibration or eigenfimctions. 
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In the former case, the <H5urves for each compartment are joined by a 
portion which corresponds to the hyperbolic cosine 

cosh fix = 

in the second, the intermediate portion corresponds to the hyperbolic sine 
sinh fix = ^(«^* — 

(These functions have been discussed in Chapter II, and illustrated in 
Fig. 6.) 

Now let us consider first the symmetric case. The value of 4> (for the 
lowest energy state) at A is given, in the case of an electron in a single 
compartment, by the ordinate AF = 2A cos aa, and the exponential 
part FK by the relation 

<^i = 24 cos ao • 

where the origin of abscissa is at C. Hence at a: = 26 + a, 

<l>ii = 24 cos aa • 

which corresponds to the ordinate BK. Since the ^patterns are 
symmetrical about 0, BK — AH. The value of ^ in the region AOB 
will be given by the sum of the values which are due to the exponential 
portions FK and GH^ This is indicated by the curve F'RG', so that 
F'4 - FA+ AH, and hence 

F'A = G'B = 24 cos aa(e-2^^ + 1). 

But if the function <t> and its derivative d<l>/dx are to be continuous 
over the whole range of values of x, it is evidently necessary that the 
ordinate of the cosine curve inside the box shall also be increased. 
That is, the ordinate AF' must correspond to a value = 24 cos aia 
where oi is different from a. In other words, the necessity for con- 
tinuity of the (^pattern leads to a change in the value of a^ = Sv^nE/h^, 
and consequently to a change in the value of E for the energy state of the 
electron. We thus derive a relation between ai and a, of the form 

24 cos aia = 24 cos aa(l + e"*^**), 

that IS, = 1 + « ^ . U ) 

cos aa 

Thus cos aia is slightly greater than cos aa, and therefore ai must be 
less (han a. (cos 0 = 1, cos ir/2 = 0.) That is, the value E„ for the 
symmetric case, is less than E. Equation (1) may be expressed in a 
more convenient form thus: 

* This is an illustration of the application of the Principle of Superposition, dis- 
cussed in Chapter II. 
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Let ai = a — Aa, where Aa denotes a very small change in a. Then, 

cos (a — Aa)a cos aa * cos (aAa) + sin aa • sin (aAa) 
cos aa cos aa 


= 1 + 


sin aa 
cos aa 


(aAa) = I + Pa 



( 2 ) 


since cos (aAa) = 1, approximately, and sin (aAa) = aAa, approxi- 
mately, and according to equation (S.21), tan aa = P/a. From equa- 
tions (1) and (2) it follows that 


Aa 6-2^*^ 


a 


Pa 


( 3 ) 


Since 2a Aa = •AE/h^ where AE = decrease in energy y it is evident 
that the last equation may be replaced by the relation 


AE 

~E 


4irb 

\-e~~ 

I 


ira 


( 4 ) 


where 


h _2ir 

V2fi{U - Jo "" P 


represents a distance. 

Thus, suppose 6 == a and X == 4a = 4fe. Then, 


AE 


4c~’" 

= 0.055. 

TT 


If 2a = 2 X 10 * cm., J57 = 9.15 electron volts, as shown in Chapter 
III, and AE = 0.50 electron volt. Since X = 12.21 X IfT^/Vv cm., 
where V is the kinetic enei^ in electron volts,® the value X(= 4a = 
4 X 10~® cm.) corresponds to a value for U — E of (12.21/4)® = 
9.38 electron volts. 

® Since X = hly/2iiE\ and E - Fc, where V is the potential difference required in 
order that the electron shall acquire the given kinetic energy, it follows that 

^ 6.55 X ^ 12.21 X 10-^^ cm. 

(2X9X10-*«X4.77X10-i®^j^ ^ 

where e = 4.77 X 10"^® electrostatic units; 

/i = 9XlO-28g.; 
h = 6.55 X 10"^^ erg • sec.; 

» conversion factor from ordinary volts to electrostatic units 
^ of potential. 
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The arUisymmetric case is treated quite similarly. The full curve 
Fig. 46(c) shows the hyperbolic sine portion F'OG'. In this case, 
F'A = FA — FF' = FA — BK, so that we obtain the relation 

(5) 

cosaa 


Hence must 6e greater than a. That is, the value of Ea, the energy 
of the electron for the antisymmetric case, is greater than E, and as in 
the symmetric case it is seen that the increase in energy AE is given, 
as before, by equation (4). 

Thus, it is seen that the original ground level Ei for the electron in 
the potential box, has become split into two by the presence of the other 
box adjacent to it. These two levels are equally spaced about the original 
level, and, as is evident from equation (4), the difference between each 
level and the unaltered level is given by 


AE = 


Arh's/ 2ii( U—Ei t 
h 




It will be observed that the exponential factor represents the prob- 
ability of penetration of the electron through the barrier between the two 
potential boxes. This is evident from the remarks in Chapter III, 



Fig. 47. Illustrating the two eigenfunc- 
tions for electron in ionized hydrogen 
molecule (H 2 +). 


especially those relating to equation 
(5.44). Thus for 6, very large, or 
U — E, infinitely great, the value 
of this probability becomes infin- 
itesimally small, and AE tends to 
vanish. 

The bearing of these conclusions 
on the problem of the energy levels 
for the ionized hydrogen molecule 
(H 2 '^) is self-evident. The two po- 
tential barriers are represented by 
the potential fields around the two 
nuclei, and the single electron must 
fluctuate between these two coulomb 


fields. The potential function ( — e®/r) is indicated in Fig. 47^°, by the 


two sets of hyperbolas which are joined in the center. The energy of the 


electron in the lowest state is given for the individual atom, as shown 


N. F. Mott, loc. eit,, Fig. 10, p. 96. 
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in Chapter VII, by the relation, 


E.- - 


2ao 

and the eigenfunction is given by 


1 /IV 

2r 


. e “0 . 


But when the two nuclei are brought together within a distance com- 
parable with tto, the probability of transition of the electron from one 
nucleus to the other becomes appreciable, and consequently each energy 
level becomes split up into two levels, very close together and only 
slightly different, of which Es is less than that is more negative, and 
Eji lies above E, i.e., is more positive. Also corresponding to these 
two energy levels into which each original level is split, there are two 
separate modes of vibration, or eigenfunctions, which are indicated 
in Fig. 47 by <Ai (corresponding to Es) and (^2 (corresponding to JS^). 

8.4 Coupled Linear Harmonic Oscillators. The behavior of an 
electron in two neighboring potential boxes is represented, as discussed 
in the previous sections, by two modes of vibration. Two identical 
linear harmonic oscillators when coupled together exhibit a similar 
behavior, and it was by investigating the nature of the interaction of 
two such oscillators that F. London deduced his theory of the origin of 
van der Waals forces. Before presenting this theory, however, it is 
necessary to review briefly the concepts, electric moment, and polariza- 
bility of molecules.^ ^ 

An atom of argon or molecule of methane has a symmetrical dis- 
tribution of electrons about the nucleus or nuclei. That is, the center 
of gravity of the electrons coincides with that of the positive charges. 
Such molecules are said to be non-polar. If, however, these molecules 
are placed in an electric field as, for instance, that produced between 
the plates of a charged condenser, the positive and negative charges in 
the molecule are attracted toward the oppositely charged plates, so that 
the two centers of gravity no longer coincide. If z denote the separation 
of the two sets of charges, the molecule now behaves like a dipole of 
electric moment ixe = ez. The magnitude of z, and consequently that of 
the induced moment, is proportional to the field F (in volts per centi- 
meter), in accordance with the relation 

/ie = es = aF, 

See references at the end of the chapter. 


( 7 ) 
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and the constant a is designated the polarizability, 
energy is therefore given by 


The pohruation 


Fdn, = oFdF = 


aF’^ 


( 8 ) 


where the negative sign indicates that the energy is that of attraction. 

In order to illustrate London’s theory in the simplest manner, let us 

consider the interaction of two linear 


k-Uj-M 


+ T" 

•«-UH 


r*- 


harmonic oscillators, arranged as shown 
in Fig. 48, where R is the equilibrium 

Fio. 48. Interaction of two dipoles distance between the positive ends of 
arranged in the same direction. the dipoles, and Ux and t{ 2 , represent- 

ing the amplitudes of oscillation, are 
each small compared to We shall assume that the masses fi and 
charge e are the same for both oscillators, as well as the restoring force 
constant k. 

The mutual potential energy of the two oscillators is given, according 
to Coulomb’s law, by the expression 


1/ = 


1 


1 


1 


R U2 — Vi\ i? "1“ tt2 


R — R 


1 } 


e‘ 

R 


1 


1 + 


1*2 — 1*1 
R 


1 + 


R 


■-I 


+ 1 


Since Ui/R and U 2 /R are each considerably smaller than 1, we can ex- 
pand each of the terms thus : 


and 

L , 1*2 — l*ll“* 1*2 — 1*1 I 1*2 + 1*1 — 2U2l*l 

R i R 

** This illustration is taken from the discussion by M. Bom and M. Goppert- 
Mayer in “ Handbuch der Physik,” Vol. XXIV, Part 2, p. 760. 
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Neglecting terms in these expansions involving Br~^ and more nega- 
tive powers of B, we obtain the relation 

v.-^- (9) 

By breaking the series at this point we take into account only dipole- 
dipole interaction. The following terms of the series would correspond 
to dipole-quadrupole interaction (term involving ET^) and quadrupole- 
quadrupole interaction (term involving ET^). 

We can now write down the total energy of the system in the Hamil- 
tonian form (see Chapter IV) 

B = + + <W) 

For large values of R the last term vanishes, and we have two identical 
linear oscillators, for which the frequency is ^ven by the relation 



When, however, R is decreased, the last term in equation (10) has 
to be taken into account. The field due to each oscillator acts on the 
other, and, in accordance with equation (8), 

= iaF2, (12) 

where F is the field and u the resultant displacement. 

The resulting dipole moment is given by 

He = w = aF. (13) 


It follows from (12) and (13) that 



(14) 


In the absence of the last term in equation (10) the total energy E is 
the sum of the energies Ei and E 2 of two simple oscillators. However, 
the presence of the product term involving uiii 2 , which is designated 
the perturbation potential energy term, shows that the simple additive 
solution cannot be valid. Under these circumstances it is necessary in 
general to resort to the perturbation theory, and in wave mechanics 
there is available a similar mathematical technique for dealing with the 
corresponding S. equation, which is discussed in the following chapter. 
In equation (10) it is possible, however, to obtain an expression for E 
by a much less tedious procedure. This is the method of transformation 
to so-called normal coordinates (“ Hauptachsen ”)• 
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In equation (10) let us introduce the new coordinates gi and 32 such 
that 

31=;^ (Ml + M2), 


32 = («i - “2)- 


Hence, 


■ (31 + 32), 


and M2 = (31 — 32)- 

It will be recognized that this transformation corresponds to a rotation 
of the rectangular axes mi and M2 through an angle of 45°. This ac- 
counts for the similarity between the two sets of equations (15) and 
(16). 

In terms of these new variables 

Pi + pi = + tii} 

= {3? + $ 1 }, 

so that Pi and pi now refer to momenta associated with the new co- 
ordinates. 

Furthermore, 

2miM 2 = 3i — 32- 
Therefore equation (10) becomes 

^ ^ (p? + pi) + (I - ;|3) 91 + (I + Is) ^ 

In this form, the energy is again separable into two terms, corre- 
sponding to two new modes of vibration of which the frequencies vi and 
V 2 are given by the relations 

= 1 _^V 

2w\u\ kRy’ 


It is also evident from the equations in (15) that i>i and V 2 corre- 
spond to the symmetric and antisymmetric modes respectively. 
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For values of a: < 1 


and 


(1 - x)^ = 1 


x_xf_^3 
2 8 16 


( 1 +*)*- 1 + 2 - 8 + 1 - 6 -- 


(19) 


Since 2eV QtR^) is small compared to unity, we can expand the ex- 
pressions under the radical signs in (18). The resulting relations are 
given by 


and 


n = Vo - 

V2 = Vq ^1 + 


26^ 

kB^ 

kR^ 


2k^R^ 


2k^R^ 



where vq is given by equation (11). 

For a single oscillator, in accordance with the result obtained in 
Chapter V, 

En = hvoin + I). (5.16) 


Hence, in the present case 

Enrni = ^"1 + 1) + hv2{n2 + i) 


= hvo 


2g2 

+ «2 + 1 ~ (Wl — 712 ) 


For ni = n 2 = 0, 



in consequence of (14). 

Thus the coupling energy AE is given by the relation 

hvoo? 

'W' 


AE = 


( 20 ) 
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Before treating the same problem from the point of view of the S. 
equation, it is of interest to consider the relatively simpler case of a linear 
harmonic oscillator acted on by a uniform electric field 
In absence of a field, as shown in Chapter V, the S. equation has 
the form 



where a = 

The eigenfunction corresponding to the state n = 0 is 



where x = 2irg^ 

h 

Since 


1 

= ^ r r^'^dx = r • dq, 

V Tf- 4 / —00 V TT t/ •— 00 

therefore, ^o> as a fimction of the actual displacement g, is given by 

Let 

II 

0 

Then, 


and 

Uq) = (^y (22) 


If the oscillator is subject to a uniform electric field F the potential 
energy term in (21) becomes 

V = (^>* 3 * - eFq 

^k( epy ^F^ 

"■2 V fc / 2 * * 

The following discussion is based upon the paper by J. E. Lennard-Jones, Proc, 
Phys, Soc. {London), 43 , 461 (1931). 
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Thus, if we let a =5 g — eFfk, the wave equation (21) becomes 


da* 


a( 


•f* Ct I "f* 


fc* 



(23) 


which is of the same form as (21). The energy values, however, are 
given by the relation 

£;= (n + l)A.o-(^)- (24) 


That is, the value of pq is unaltered, and <l>o{z) is identical in form with 
0o(^)j but the whole wave pattern is displaced a distance eF/k in the 
direction of the field. This is similar to the phenomenon which occurs 
when a molecule or atom is polarized, and the polarization energy is given, 
according to the last equation, by 


Ep 


aF* 

2k " 2 


(25) 


where a = e^/k. 

Let us now consider two identical linear oscillators, each vibrating 
along the g-axis, with centers a distance R apart. There will be an inter- 
action due to the field produced by each oscillator in the region of the 
other, and in accordance with equation (10), the corresponding S. 
equation has the form 


d^(i> aV 
dqi dql 


+ CL 



kq\ ftgi , 2 e%q^ ^ „ 


(26) 


where ^ is a function of qi and as well as of R. 

This is a type of equation which occurs very often in quantum 
mechanics, in fact it is typical of aU cases in which there is an interaction 
between two systems. We meet with it, in a modified form, in the investi- 
gation of the helium atom and of the hydrogen molecule. 

Now if the perturbation energy term were not present, the solution of 
the equation 


would obviously be obtained by putting 

<t>(Qu 92) = <^( 9 i) • <^(92). 
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For, if we substitute the latter in (27) we obtain the equation 
^(7i) {^1^ + 1 - ^?D^(92)} = 0. 


Since tt>(qi) is a function of qi only, and <t>{q 2 ) of q 2 only, it follows that 
each of the expressions in large brackets is equal to zero. That is, we 
obtain the two ordinary differential equations which are each similar 
to the S. equation for the linear harmonic oscillator. Consequently, the 
solutions are similar, with the only difference that for 


and for ga 


El = (ni + 


i?2 = (wa + ■j)Avo, 


where E = Ei + E 2 = total energy and ni and nj are not necessarily 
identical. 

In order to solve equation (26) we use the same transformation to 
normal coordinates as indicated by equations (15) and (16). That is, 
we set 


*1 = (Si + 32 ) 

1 

22 = ( 9 i - 92) 


(28) 


and, as in the derivation of equation (17), we obtain the S. equation 
in the form 


dzi dz2 


+ 


a(E - 




(29) 


where 


and 



fca = it H" 


2e* 

R^' 


(30) 


Equation (29) is evidently separable into two ordinary differential 
equations, of which the solutions are and (^„j(za) with the 

eigenvalues and En^ and the two new frequencies are given by 
equations (18). 
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It follows from equations (30) that the frequency vi, which is less 
than Vo, corresponds to that of the symmdric mode, and V 2 (which is 
greater than vq) corresponds to the frequency of vibration for the 
antisymmetric mode. Thus the behavior of two coupled oscillators 
resembles that of the electron in two potential boxes or in the ionized 
hydrogen molecule. Instead of an energy Ei = hvo for the lowest state 
of the oscillators, we obtain the result E = i^)hvi + (^)hv 2 . 

Obviously, the transformation to principal coordinates is no longer 
valid if A: is less than 2 e^/J 2 ®. That is, the conclusion involved in 
( 20 ) is tenable only if JB® > {2e^/k), which determines a lower limit 
for the distance R between the zero positions of the oscillators. Since, 
as shown in equation (14), e^/k — a, the 'polarizability, we can also state 
this limit in the form E® > 2 a. It should be observed that a may be 
derived from measurements of dielectric constant or refractive index, 
and is of the order of magnitude 10“®* cm.® Thus this theory of inter- 
action of linear oscillators is valid for values of E > 10 ^® cm. approjd- 
mately, which corresponds to intermolecular distances. 

For the state of lowest energy ni = n 2 = 0, we thus obtain the 
value for the coupling energy AE given by equation (20). 

The negative sign shows that the energy arises from attractive forces, 
and, since the energy varies as E“®, the force of attraction is given by 


F 


A 


dE 3a^hvo 
dR "" W~' 


(31) 


That is, the force of attraction between two pulsating dipoles varies irv- 
versely as the seventh power of the distance. It, therefore, falls off rapidly 
with increase in distance. Thus, if E is doubled, the force decreases to 
— 1/128 of its original value. 

The behavior of the eigenfunction 22 ) throws additional light upon 

the nature of this attractive force between linear oscillators. For the 
lowest state (ni = na = 0), it follows from equations (22) and (29) that 

<>(21, 22) = <f>( 2 i) • (hizz) 


_ ( 32 , 

- ( 33 ) 

where {<^( 9 )}® is the product <^( 91 ) *^( 92 ) for E = « [solution of 
equation (27)] and V is the perturbing potential energy function. 
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defined by the relation 


2e®aiZ2 

12 * 


From equation (33) we deduce the probability distribution function 
for the coordinates of the two oscillators in the form 


22) = {^(9)}^ ' 




(34) 


The exponent of c in this equation is given by the expression 
4:CvootZiZ2lR^, which shows that when Zi and 22 are of the same sign 

(the pulsations are in 'phase) , <t>^{zi, 22 ) > 
{<^( 91 ) * and when zi and 22 are 

opposite in phase, the reverse is true. As 
Lennard-Jones points out: 

This result can be represented diagrammatically 
in a two-dimensional space, as shown in Fig. 49 . 
The distribution function, being proportional to 
[see equation ( 32 )], is like a ridge 
with its maximum at the origin, and with ellip- 
tical contours. The major axes of the ellipses 
are 22 = 0 , or qi = +^2, and the minor axes 
Qi = “■ 92 - The corresponding distribution with- 
out interaction is a round-topped mountain with 
circular contours. The probability of finding qi 
and 92 with the same sign has increased, while that of finding them with opposite 
sign has decreased. In other words, the interacting dipoles tend on the average 
to move in phase. 



Fig. 49 . Phase relations for two 
coupled linear harmonic oscil- 
lators. 


8.6 Van der Waals Interaction Energy for Two Hydrogen Atoms. 

Let us now consider the interaction of two hydrogen atoms separated by 
a distance R which is large compared with the average distance of the 
electron in each atom from its associated nucleus. (The following 
argument is valid only for this case.) Disregarding the potential energy 
terms due to the force between electron and nucleus in each atom, the 

^^The equation of an ellipse with respect to rectangular coordinates through 
the center is x^/d^ + y^/b^ = 1 , where a and h are semi-major and -minor axes, 
respectively. Hence the expression 20(1^121 -|- V2^l) is constant for all values of 
2i and 22 which occur on the ellipse whose semi-axes are lly/ 2 cvi and 1 /V 2 ci^. 
Thus, if we have a series of confocal ellipses, as indicated in Fig. 49 , we can describe 
any simultaneous combination of values of 21 and 22 by stating the serial number of 
the corresponding ellipse. The use of such coordinates is often very convenient 
in mathematical problems and has proved useful in dealing with problems of poten- 
tial. 
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potential energy arising from the Coulomb forces between charged 
particles in one atom (nucleus A and electron 1) and similar particles 
in the other (nucleus B and electron 2) is given (see 
Fig. 60) by 

1 


[R 




ri2 Tbi 


2 


(35) 


Let XiPiZi and * 22/222 designate the coordinates 
of each electron (1 and 2 respectively) with respect 
to its nucleus (A and B respectively), and let the 
line joining the nuclei lie along the a-axis. Then 

^12 = (*i — *2)* + (Vi ~ 2/2)^ + (21 + 12 — 22)^, 

rli = *2 + 2/2 + (^ - 22)^ 

»ii = + 2 /i + (12 + zi)^, 

rf =*1 + 2/1 + 2?, 

4 = a| + 2/2 + 23. 



ing van der Waals 
interaction of two 
hydrogen atoms. 


Hence, 

^12 = ^1 + ^2 “ 2(0:12:2 + yii /2 + ^1^2) + 212(2:1 — 2:2) + f 
TA2 ~ R^ + T*! 2RZ2f 

tbi = 12 ^ + ^*1 + 2122:1. 


Also 


+!<*■ 



and similar expressions may be written for l/rA 2 and I/tbi- Replacing 
each of the expressions in the brackets as in (18), by means of the 
expansion 




we obtain the relation 
2 

F = ^ {*1*2 + 2/i2/2 + 21*2 + ■|( 2 i — *2)* - f (2? + 4 )} + terms 

involving (l/R)* and higher powers of (l/R). 
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The expression involving 1//?® corresponds to the dipole-dipole inter- 
action and is given by 

g2 

1^1 = ^ (xiX2 + !/i2/2 — 2ziZa). (36) 


Equation (36) may be derived directly,^® without going through 
the preceding argument, if we consider the motion of the electron in 
each atom as equivalent to that of a dipole, for which both the electric 
moment and direction of orientation are varying continuously. From 
this point of view we therefore regard each atom as a dipole for which 
the respective components along the three coordinate axes are ea:i, eyi, 
ezi, and ex^, ey^, ez 2 . The result derived in equation (36) is thus an 
extension of that derived in equation (9). 

Lennard-Jones writes: 

The probability distribution function can now be represented only in six-dimen- 
sional space. It appears that zi and 22 tend to have the same sign (as before), while 
xi tends to be opposite to X 2 f and j/i opposite to y 2 « These are just the configurations 
for which the oscillators attract. Hence, we may say that two systems tend to 
interact in such a way that the attraction is a maximum. It is in the generalized sense 
that we use the expression, ** tend to move in phase, for actually in this example the 
x*B and 2/’s tend to be out of phase in the usual sense. 


Such a procedure fails, however, to take into account terms involving 
powers of (1/R) higher than (1/R)^. Furthermore, as will be shown 
in the following chapter, it is possible, by application of the second- 
order perturbation theory to the relation for V given in equation (36), 
to derive a more accurate value of the interaction energy of two 
atoms. 

It follows that the attraction due to each term xiX 2 f t/ij/ 2 » and 21^2 can 
be treated separately, and as shown by H. R. Hass6,^® the interaction 
energy due to each of the first two terms is J of that due to the Zi and Z 2 
oscillators, and therefore equal to —a%vo/{SR^). Hence, the total 
interaction energy for a pair of three-dimensional oscillators iS 




3 a^hvo 


(37a) 


Let us now attempt to apply this result to the calculation of the 
interaction energy for two hydrogen atoms. 

See, for instance, J. H. Jeans’ ** The Mathematical Theory of Electricity and 
Magnetism,” Cambridge Univ. Press (1908), p. 368, equation (356). 

^®Hass6, Proc. Cambridge PhU. Soc.^ 27. 66 (1931). See also F. London, 
Z. physik. Chemie, Bll, 222 (1931). 
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By investigating the behavior of a Bohr orbit in an electric field it has 
been shown that the polarizability of the atom is pven by a = (9/2)«^, 
where oq is the radius of the orbit.^^ 

Hence the interaction energy of two hydrogen atoms is given by 
the relation 


- 


16 'ft* ‘ 


(376) 


What value of ro can we assign to the electron in a hydrogen atom? 
Obviously, this “ frequency ” is a fiction, since, on the basis of the 
Principle of Indeterminacy, no experiment can be devised to determine a 
frequency of revolution of the electron in its orbit. But when in doubt, 
it is customary to appeal to the Principle of Correspondence (see Chap- 
ter I). According to this principle the behavior of the electrons in an 
atomic system must approach more and more that predicted by classical 
physics the higher the quantum number of the orbit. This is equiva- 
lent to the statement that when dealing with larger-scale phenomena the 
results deduced by quantum mechanical methods must approximate 
those deduced by classical mechanics. 

In the case of the hydrogen atom, the electronic orbits increase in 
radius as the ionizing stage is approached. If Fi denote the ionization 
potential, then the limit of the line spectrum, that is, the maximum fre- 
quency of light which can be emitted by the return of an electron to 
the lowest level, is given by 


Vie 



( 38 ) 


According to electromagnetic theory, radiation of this frequency 
would be emitted by an oscillator having the identical frequency vq . 
Therefore, we might use in equation (37o) the value of vq given by the 
last equation. 

Again, the resonance potential (7r) of hydrogen corresponds to the 
first excited state, and the frequency of radiation emitted because of a 
transition from this level to the lowest or normal state is 


Vo = 



(39) 


Since 7, = ^. (1 - i) = (|)V’i. the value of vq is thus confined to 
the two limits defined by equations (38) and (39). 

See P. Debye, “ Polar Molecules,” Chapter I. 
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Now the enei^ of the hydrogen atom in the normal state is ^ven 

by“ 


Eo = ” 


2ao 


Since FiC = —Eq, the corresponding frequency is 

c* 


Vq = 


2ao% 


(40) 


Substituting for vq in (376), the interaction energy is found to be given 
by a relation of the form 

(41) 


AE=-^> 

22 * 


where C = 243/32 = 7.59 if vq is calculated by means of equation (38), 
and C = f X 7.59 = 5.69 if equation (39) is used. 

The result thus obtained obviously represents only a first approri- 
mation to the correct value. A calculation of the second-order per- 
turbation energy, in which the perturbing potential term is given by 
(36), yields a value^® C = 6. For a more accurate calculation it is 
necessary to take into consideration dipole-quadrupole and quadrupole- 
quadrupole interaction, as has been done for helium by H. Margenau.** 
The calculation can also be made by using the method of variation of 
parameters, which is discussed in a subsequent chapter. 

Such calculations have been carried out by R. Eisenschitz and 
F. London,^^ H. R. Hass6,*^ J. E. Lennard-Jones,^® J. C. Slater and 
J. G. Kirkwood,^^ and L. Pauling and J. Y. Beach.** The values 
derived for C by the different investigators are shown in the following 
summary: 

Hass6 6.49 

Slater and Kirkwood 6.49 

Pauling and Beach 6.4984; 6.499 

The value C = 6.499, obtained by Pauling and Beach, is probably 
“extremely close to the correct value.”** Inserting this value of C 

= - 13.53 v.e. 

Pauling and Wilson, “ Introduction to Quantum Mechanics,” p. 385. 

^Phya. Rev., 88, 747 (1931). 

Physik, 60, 491 (1930). 

Proc. Carrthridge PhU. Soc., 27, 66 (1931). 

** Proc. Roy, Soc. {London), A129, 598 (1930). 

Rev., 87, 682 (1931). 

Be»., 47, 686 (1935). 

Pauling and Wilson, “ Introduction to Quantum Mechanics,” p. 382. 
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and the values e = 4,770 X 10““ e.s.u., oo = 0-528 X KT* cm., the 
value of the interaction energy of two hydrogen atoms becomes 

AE = -6.064 X erg. (42) 


8.6 Van der Waals Energy for Other Atoms and Derivation of 
Constant “a.” For the case of two helium atoms, F. London’s*^ 
method of calculating the energy of interaction leads to the relation 


(AB)2 = — 


3 a^Vi 

4 ’ 


where a is the polarizability and Ff the ionization potential. Sub- 
stituting the value a = 0.205 X 10“^^ which is that calculated from the 
refractive index, and the value F,- = 24.5 volts, this corresponds to 

(AS)a = -2.65^0 

where Eq = — • 

2ao 

By application of the perturbation theory, Slater and Kirkwood^® 
deduced for this interaction energy the value 

(AEh = -3.18^0 (^y 

= -1.59e®aS-ii:“®. 

For more complex atoms and molecules Slater and Kirkwood also 
deduced for the energy of interaction a relation of the form 

(AE)3 = -1.36t;^ofa%o*i2"*, (44a) 

where v = number of electrons in valence shell. 

While this equation, as well as (42) and (43), expresses the energy in 
terms of ergs per molecule, it is of interest to calculate the magnitude of 
this energy per gram-molecule. In terms of kg.cal./mole, 

(AE)3= -163X— 

Thus, in the case of CH4, v = 8, a = 2.59 X 10^®^, and van der 
Waals’ constant b = 2vNR^/8 = 55,9 cm.^/mole. Hence (AE )3 = 
991.2 cal./mole, that is, approximately 1000 cal./mole. Since this 
value is of the same order of magnitude as the heat of evaporation of 

Z. phydk, Chemie, Bli, 222 (1931). 

Rev., 87, 682 (1931). 
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solid or liquid methane, the result obtained indicates that the attractive 
forces which give rise to cohesion in non-polar liquids and solids are prob- 
ably of the same nature as those due to the interaction of fluctuating 
dipoles. As will be shown in a subsequent section, a more rigorous 
calculation confirms this conclusion. 

Referring now to equation (iv) in section 1, it is evident that 

^ (m — 

Since m — 1 = 6, as deduced on the basis of London’s theory, we 
obtmn the relation 

A = -e-AJB-R*. 

Thus, for the case of hydrogen atoms, it follows from equation (42) 
that As = 36.386 X KT^ dyne • cm.®, while for the case of helium 
atoms, it follows from equation (43) that 

Aue = 8.91 X 10“®® dyne • cm.®. 

London’s theory would lead to the lower value 

Ase = 7.44 X 10“®® dyne • cm.®. 

For other atoms and molecules values of A may be derived by means 
of equation (44a). 

In order to calculate a it is necessary, as is evident from equation 
(vii), to determine the repulsive energy term involving B in equation 
(iv). J. E. Lennard-Jones has shown that the magnitude of this term 
may be derived empirically from PV versus T data for the gases, on the 
basis m = 7. The values of n thus derived vary from 10 to 13, indicat- 
ing that the repulsive force increases extremely rapidly with decrease 
in r below the equilibrium value Tq. 

J. C. Slater and J. G. Kirkwood^® have shown that, in the case of 
helium, the repulsive potential energy term may be written in the 
form 

— £r 

17 (repulsive) = Be \ 

where B and c are constants. A similar expression has been deduced by 
M. Bom and J. E. Mayer®® for the repulsive energy between two ions 
in a halide lattice. Actually, it makes little difference whether the ex- 
ponential form is used or an expression of the form r“", if n is as large 

«PAys.Jie»., 87, 682 (1931). 

“Z. Physik, 76, 1 (1932). 
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as 10. Figure 61®^ gives the potential energy of pairs of inert gas atoms 
as a function of their distance apart in Angstrom (10^® cm.), and it 
will be observed that, owing to the extremely rapid increase in the 
repulsive force with decrease in distance beyond the equilibrium value 
(the value of r at the minim um), 
f7(r) increases rapidly in this range. 

The force at any value of r is, of 
course, determined by the slope at 
that point. 

For a first approximation we can 
assume that the value of n, the repul- 
sive force exponent, is so large that 
the repulsive energy term in equation 
(iv) may be neglected. Hence, we can 
write equation (vii) in the form 


a 

'o 

X 

&-5I 

a> 

0) 


2tN^ 


a — — 


1.013 X 10®. 


r AE • r^dr, (45) f 

JfQ ^ 


where AE is the attractive energy term 
calculated by means of equations (42), 
(43), or (44). Expressing the latter in 
the form 

AE = — Aq 

we obtain the relation 
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Fig. 51. Van der Waals potential 
energy curves for several gases. 


«/ro ^ tq r otq 

Since van der Waals’ constant b is given in terms of ro by the relation 

36 


ro - 


2tN 


we can write (45) in the form 

v^N^Aq _ 9.654 X 10®®Ao 
“ ~ 3.039 X 10®6 " 6 

Hence, in terms of equation (44) 


a 


1.08 X 10^®a^»^ 

■ — - > 

6 


(46) 


( 47 ) 


J. E. Lennard-Jones, Proc. Phys. Soc. (.London), 48, 461 (1931). 
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and in terms of London’s relation ' 

1.13 X 10«VF 

a = » (48) 

where V is the ionization or resonance potential (in volts). 

Both these relations have been shown to give values of a which are 
in reasonably satisfactory agreement with the values derived from the 
critical constants by means of (viii). 

8.7 Energies of Evaporation and Sublimation. The fact that the 
quantum mechanics theory leads to satisfactory agreement between 
calculated and observed values of van der Waals’ constant a indicates 
that the attractive forces which give rise to cohesion in non-polar liquids 
and solids must be of the same nature as those described in the previous 
section. 

As mentioned previously, the interaction energy per mole as cal- 
culated on the basis of London’s theory is of the same order of mag- 
nitude as the energy of evaporation for solid CH4. London and 
Lennard-Jones have shown that it is possible by a more exact applica- 
tion of the results deduced in the previous sections to calculate the ener- 
gies of sublimation of crystal lattices of such molecules as those of the 
rare gases, methane, hydrogen, oxygen, nitrogen, and other gases. 
The present chapter would be incomplete without some discussion of 
this application of the quantum theory of van der Waals forces. 

Given U (r) for a pair of molecules it is possible to caleulate the total 
potential energy of all the molecules in a gram-molecular volume of the 
crystal lattice. The method used may be described as a summation 
of the energy for every pair of molecules in the lattice. If we denote the 
total energy by <^, then 

<I>o=^(CaUa + ChUr), 

where Ca is the so-called crystal potential constant^^ for attraction, which 
depends upon both the value of the attractive force exponent m and the 
type of crystal lattice, and Ua is the attractive energy term. Ur desig- 
nates the repulsive energy term and Cr is the corresponding crystal 
potential constant (which depends upon the value of n). The factor 
(^) is necessary to avoid counting the same atom twice. 

The application of the last equation to calculate heats of evaporation 
may be illustrated by the results obtained for argon. F. London, in 

** Values of these constants for different values of m and n and for various types of 
lattice structure, are given in Fowler’s “ Statistical Mechanics,” Chapter X, also by 
J. E. Jones and A. E. Ingham, Proc. Boy. Soe. (London), A107, 636 (1925). 



ENERGIES OF EVAPORATION AND SUBLIMATION 237 


his calculation, assumes that the repulsive force exponent n = « , so 
that Us = 0. For the attractive energy term U^ he uses the relation 


Ua = 


3 a^hvo 


= 4.92 X 


KT®* 

^0 


where hvo = FjC, with F,- = 15.5 electron volts, and a = 1.63 X 
while Tq is the minimum distance between atoms. 

The observed crystal spacing (minimum distance between atoms) is 
3.84 X 10~® cm., while Ca = 115.4. Hence, the energy of sublima- 
tion in calories is 


<^o _N 4.92 X IQ-*^^ X 115.4 
4.184 X 10^ 2 ^ 4.184 X lO’' X (3.84 X KT®)® 

= 1715 cal. /mole. 

The observed value, according to London, is 2030 cal./mole. 

J. E. Lennard-Jones has carried out similar calculations in which the 
repulsive energy term has been taken into account. It should be 
mentioned, however, that, in general, the value of the term CrUs is 
small (less than 20 per cent compared with that of CaUa)- In all cases, 
the agreement between values of S calculated and those observed is 
satisfactory. Even for many organic compounds in the liquid state, the 
heats of evaporation may be calculated, with a fair degree of approxima- 
tion, as the writer has observed. Thus in these cases the forces of 
cohesion in the solid and liquid state are of the type discussed in the 
present chapter. 

On the other hand, in some cases a large fraction of the energy of at- 
traction must be due to the presence of intrinsic dipole moments, as for 
example in the case of H2O, C6H5NO2, and other molecules for which 
the electric moment is considerable. 

In the case of ionic lattices, such as that of NaCl, the attractive forces 
are electrostatic, and the corresponding potential energy is given by 

N 

(^(attractive) = — — • Ca-—, 

2 ro 

where ro is the noinimmn distance between ions. The problem of co- 
hesion in such lattices has been the subject of a large number of in- 
vestigations, and the reader who is interested in following it further 
will find his efforts well repaid. 

It should be added that the polarizability a, as well as the proper 
values of vq, necessary for the determination of Ua, may be derived on 
the basis of wave mechanics from spectral data. However, since such 
calculations involve the application of the perturbation theory, a dis- 
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cussion of the methods used as well as of other features of the more 
recent developments of the theory must be postponed for the following 
chapter.^® 
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turbation theory and method of variations, and the second, after becoming 
more familiar with statistical mechanics. (See Chapters IX-XI in this 
volume for discussion of the first two topics.) 

Because of this connection between van der Waals forces and the spectral 
dispersion curves, these forces have also been designated dispersion forces. In an 
interesting paper in Trans. Faraday Society ^ 28, 316 (1932), M. Polanyi has dis- 
cussed the application of this theory to the adsorption of gases. 



CHAPTER IX 

PERTURBATION THEORY 


9.1 Introductory Remarks. The problem of the atom with more 
than one electron is one which, on the basis of the Bohr theory, has its 
analog in celestial mechanics, where the problem is that of calculating, 
for instance, the effect of the gravitational pull of the sun on the motion 
of the moon around the earth. The field due to the action of the sun is 
said “ to perturb the motion of the moon, and obviously the effect 
of the sun must vary with its position in relation to both the moon and 
earth. 

It is the existence of similar perturbations in atomic systems, due to 
the interaction of the electrons, that makes the consideration of such 
systems a more complex mathematical problem than that of the hydro- 
gen-like atom. Thus, in the case of the helium atom, the simplest type of 
many-electron atoms, the total energy is evidently made up of three 
terms: 


(1) the kinetic energy of each electron, 

(2) the potential energy due to the attractive force between the nucleus 
and each electron, 

(3) the potential energy due to the repulsive force between electrons. 

If we designate the charge on the helium-like nucleus by Ze^ the dis- 
tance of each electron from the nucleus by ri and r 2 , respectively, and 
the interelectronic distance by ri 2 , the total potential energy term is 
given by 

y - + 

ri r2 ri2 


The corresponding S. equation is given by 


Vl0 + V20 + 


\ 


ri rz 


ri2 


= 0 , 


( 1 ) 


where the subscripts 1 and 2 of the Laplacian operators (in polar co^ 
ordinates) refer to each electron. If the term e^/ri 2 were omitted, the 
solution of the S. equation would be identical with that for two separate 

239 



240 


PERTURBATION THEORY 


hydrogen-like atoms of nuclear charge Ze. That is, the solution would be 

^ ’ll) ' ®2> %)> (2) 

where r, 9, and n are the coSrdinate variables of each electron with 
respect to the nucleus, and is a characteristic function of the form 
dealt with previously in discussing the hydrogen-like system. Further- 
more, the characteristic energy values would be given by 

E = Fni + 

where Em and Em represent the eigenvalues corresponding to the 
functions 0„i and <t>m, respectively. 

It is the presence of the “ perturbation ” potential energy term 
which makes the solution of the S. equation (1) more difficult. 
A similar perturbation term occurred in the S. equation (5.26) for the 
interaction of two linear harmonic oscillators, and there the mathe- 
matical difficulty was overcome by a transformation of cofirdinates. 
By this process it was found possible to separate the variables and thus 
obtain a product solution of the form indicated in (2). However, it has 
not been found possible to devise a transformation scheme for equation 
(1), by which the variables may be separated. 

Consequently, it is necessary to use other methods. Of these the 
most important are the methods based (1) on the application of the per- 
turbation theory and (2) on the application of the calculus of variations. 
It should be mentioned that the first of these represents the quantum 
mechanics modification of the method which has been used in calculations 
of orbits in celestial mechanics, while the second method involves a 
fundamental principle which has also been applied in classical physics. 

The perturbation theory has been described by E. C. Kemble, as 
“ Mostly machinery — a necessary evil!” The derivation of the first- 
and second-order perturbation terms given in the following sections is 
practically the same as that given by Condon and Morse.^ It has the 
advantage over the derivation given by Schroedinger and other writers 
that it requires no knowledge of Green’s theorem. 

In the following sections an attempt has been made to present each 
of the steps in the derivation as clearly as possible, and for this reason 
the argument will appear somewhat tedious at best. However, the only 
excuse that can be given for the whole discussion is that a knowledge 
of the perturbation theory and of the accompanying concept of matrix 
elements is absolutely essential for the proper understanding of the man- 
ner in which quantum mechanics has solved a vast number of problems 
presented by atomic and molecular systems. 

^ Condon and Morse, “ Quantum Mechanics,” Chapter IV. 
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9.2 Perturbation Theory — First-Order Terms. Let us consider 
first the non-degenerate case, that is, one in which there is only one 
eigenfunction corresponding to each discrete energy state. The S. 
equation for a ^ven system will be of the form 

V^u + o?{E - Y)u = 0, (3) 

where a* = and V^u may be of the form Vfu + Vlu + . . ., 

if we are considering an atomic system containing two or more electrons. 
The potential energy F is of the form 

V = Vo + XFi, (4) 

where Vo represents the potential energy in the absence of any per- 
turbation, while XFi is the perturbation term. We regard the latter 
as the product of a term Fi which depends upon the coordinates and 
an arbitrary parameter X, the value of which is small. Thus in the 
case of the helium-like atom, we could write 

y 

Z Vi rz/ Zri2 

and regard IjZ as such a variable parameter whose value is small for 
large values of Z. 

The S. equation for the unperturbed system is of the form 

V% + a^{E - Fo)ii = 0, (5) 


and we shall assume that solutions of this equation are known. We 
shall designate these by u% and the corresponding eigenvalues by E^, 
so that they satisfy the S. equation 

-h c?{E^n - Vo)ul = 0. (6) 


Furthermore, we shall assume that these functions u® 
normal. That is, 



fo forn m ^ 
[l forn = TO 


are ortho- 

IT) 


where dr indicates the element of “ volume ” (which in the case of an 
atomic system will be of dimension 3v, if v represents the total number of 
electrons), and the integration is carried out over the whole domain in 
which the coordinate variables have a physical significance. This 
domain is known as the configuration space and will be designated by 
this term in the subsequent discussion. The symbol hnm is used gen- 
erally in quantum mechanics in order to indicate that the expression may 
have the value 1 or 0 according as n is equal, or not, to to, and we shall, 
henceforth, use it in the sense defined in equation (7). 
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Let us now assume that the functions and energy values which are 
obtained by solving the S. equation (3), for the perturbed system, may 
be represented in terms of the functions m® and E^hy expressions of 
the form 

= «n + Mn + (8) 

En — -i" X«n + (S) 

where 0n and x« are functions of the cobrdinate variables, which repre- 
sent the first-order and second-order perturbations, respectively, while 
€n and ri„ represent the corresponding perturbation energy terms of the 
first and second order, respectively. The parameter X is identical with 
that used in equation (4). 

If, now, we replace F, u, and E in equation (3) by the expressions in 
equations (4), (8), and (9), respectively, and carry out the multipli- 
cation indicated, the resultant equation is of the form 

\\v\l + + xVx„} 

a 

H- E^vli, 4- X£7^0n 4“ X^£^x» 

— FoU® — XFo<^n “ X Fox» 

4- Xf„U° 4- X®«n<^n 
-XFiM® - X"Fi0n 

4 - \\nul = 0 . ( 10 ) 

Since X is an arbitrary parameter, it follows that the coefficient of 
each power of X in equation (10) must vanish identically. The co- 
efficient of X® = 1 is evidently the same as the left-hand side of equation 
(6) and merely states the obvious conclusion that, for X = 0, the solu- 
tions of equations (5) and (3) are identical. 

The coefficient of X in equation (10) yields the inhomogeneous differen- 
tial equation 

4- «2(bo _ = «2(Fi - (11) 

If the right-hand side of this equation were equal to zero, the equa- 
tion would be of the homogeneous type and identical in form with equa- 
tion (6). The presence of the expression on the right-hand side of 
(11) necessitates a special procedure in order to solve the equation. 

Since <l>n is assumed to be a function of the coordinate variables 
which is finite and continuous over the whole domain, it may be ex- 
pressed as a Fourier's series " in terms of the orthonormalized func- 
tions u% That is, it is possible to develop the function <l>n in the form 

= I.Bnknl ( 12 ) 

k 
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where the summation is extended over all integral values of k from 0 
to 00 , and any one of the coeflBcients Bnu can be derived by the relation 

Bnk — J* U^ndr, 

as indicated in the supplementary note, Chapter VI. However, we 
shall leave the coefficients undetermined for the present. The sub- 
script nk indicates that the coefficient is that of the function and 
furthermore that it refers to the series development for the function 4>n. 
Thus, for each characteristic solution of the S. equation, there will 
exist a function 4>n which may be represented by an infinite series of terms, 
each of which is the product of a constant (that is, a magnitude such as 
Bnk which is independent of the coordinate variables) and one of the 
series of orthonormal functions . 

Substituting from (12) into (11), the result is 

LfinJfcV V” + a" j:Bnk(E^ - Vo)ul = a\Vi - *„)«“. (13) 

k k 

But, according to equation (6), 

ct^VoUk = — 

Hence equation (13) may be written in the form 

2 BnkiEl - E^k)ul = {Vi - 6„)m°. (14) 

k 

Multiplying both sides of (14) by iZ” and integrating over the con- 
figuration space, the result is 

2 BnkiE^ uluUr = / ulViU^dr - €nj uluUr. (16) 

Since £„ is a constant (the perturbation enei^ of the first order), it 
may be written outside the sign of integration, whereas Vi must be 
kept inside the integration sign because it is a function of the codrdinate 
variables. 

Now for k — n, — El = 0, while for k n, Jli^uldT = 0. 
On the other hand, since is a normalized function, 

f U^^dr = 1. 

Hence, we deduce from (15) the very important result 

6 « =/ KViuUr. 


(16a) 
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“ Thus,” as Condon and Morse remark,* “ the linear correction to 
any energy level is simply the average value of the linear term in the 
potential energy function weighted according to the value of the squared 
characteristic function at each place. This theorem is the quantmn 
mechanical analog of a similar result in classical mechanics: The attera- 
tion of the energy of a qvanlum state in the first approximation is equal to 
the average of the perturbation potential taken over the undisturbed orbit.” 

If Un is a real function, equation (16a) becomes 

e» =/ (uyVidr. (166) 

We may now proceed to determine the coefficients Bnk in the expan- 
sion for 4>n, as &ven by equation (12). If in equation (14) we multiply 
through by and integrate over the configuration space, we obtain the 
relation 

Bni(K - Bk) f = f nyiuUr - e„f fi%Ur • 


Because of the orthogonality relation (7), the only non-vanishing 
term on the left-hand side is that for which k — j, while the coefficient 
of fn will vanish for j n. Hence, 


B 


^fu^iuUr 


(17) 


where jf 9 ^ n. 

To determine the value of Enm we make use of the requirement that 
Unj the perturbed eigenfunction, must also be a normalized function. 
Hence, 


^ UnUndr == 1 ~ ^ Un<l>ndT + X J ^r^ndj 

+ ^n<t>ndr -f- ulxndr + h^Jul^ndr + 


Because of the validity of equation (7) it follows that 

0 * \(J' ifUndr + J ul^nd^+ terms in higher powers of \. 

Since X is a variable parameter, each power of X must vanish iden- 
tically, and using the series for d>n it follows that 

J* Un(^B,ail^dr — 0 . 

^ Condon and Morse, “ Quantum Mechanics,’^ p. 119. 
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In this equation, however, each term, except that for which k = n, 
vanishes because of the orthogonality relation (since £„*. may be written 
outside the sign of integration for each term). Consequently, 

UnWndr = 0, 

and hence, J3„„ = 0. 

That is, the series for </>„ is of the form 

where the prime over the summation sign indicates that the value 
k = nis excluded in the summation, and 

Vkn = / ^^kViuUr. (19) 

The quantity Vkn has been designated, for reasons which will be 
discussed in a subsequent section, as a “ matrix element,” and in the 
following remarks this designation, as well as the symbol Vkn, will be 
used to represent integrals of the type shown in equation (19). 

In this connection it is also necessary to point out that, since Fi is a 
function of the coordinates, the expression U°UkVi is identical with 

Fiug. However, in view of the fact that in many quantum mechanical 
problems the matrix elements contain operators which play the same 
rdle as Fi (but which are non-commutative), the order of the factors in 
an y one element becomes of prime importance. For this reason it has 
been considered advisable in the consideration of matrix elements such 
as Vkn, or to write the expressions for the integrands in the form 
used in (16a) and (19) rather than in that used in (166), even though 
Vi may be commuted with the functions or 

9.3 Second-Order Perturbation Terms. To calculate the second- 
order perturbation terms ij„ and x»> it is necessary to consider the in- 
homogeneous differential equation obtained from equation (10) by 
equating the coefficient of X* to zero. The resulting equation has the 
form 

(^)v‘*x» + {El - Fo)x« = -rinul - (e„ - Fi)«^„. (20) 

As in the calculation of the first-order perturbation terms, we assume 
that Xn Baay be represented by a Fourier’s series expansion in terms of 
the orthonormal functions That is, we assume 

Xn = I^OnkUi, 


( 21 ) 
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where the coefficients C»j, of each term will have to be determined by a 
procedure analogous to that used for the determination of the coefficients 
Bnk in the series for 0#. 

Substituting (21) in (20), the result is 

— VoUfc + = —VnUn ~ (<» ~ l^l)<>n. 

But 

Hence, 

i:Cnk(.K - EhH = - («» - (22) 

k 

Multiplying both sides of this equation by and integrating, it 
follows from considerations similar to those used in deriving the value 
of tn that 



where V„k is a matrix element defined by equation (19). 

The method used for the determination of the second-order perturba- 
tion function Xn is similar to that involved in the derivation of the 
first-order term 

From equation (22), by using the series for </>„, it follows that 

/ t 

2:C„k(fiS - Ei)ut = -Vnul + XBnjViU^ - *« 'LBnjUj. (24) 

k ' 

(The subscript j is used to differentiate the members of the series from 
the series on the left-hand side.) 
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Multiplying both sides of equation (24) by iZ§ (where i is one of the 
series of values, 1 , 2 , ... j ... k ... ), and integrating over the con- 
figuration space, we obtmn the relation 

CniiEi - = isni f V^lU°jdr - tnXBnj f U\Jdr, (25) 

since the terms on the left-hand side of (24) which do not involve 
vanish, while on the right-hand side the term involving r)„ vanishes 
since i n. 

Now in (25) 

JuSu^dr = = |q 

also for j = i 

f n?FiM?dr = e<, 

while for j 9 ^ i 

f uy,u^dr = F,,-. 


Substituting these relations as well as that for Bnj from equations 
(17) and (18), it follows that 


(«. - en)F.n , 

(El ^ (Efl - £?) (E^n - ^) 


(26) 


where the two primes over the summation sign indicate that the two 
values j = i and j = n are excluded. It may be shown that the require- 
ment of normalization for the function Un leads in this case (as in the 
case of the coefficients Bnj) to the conclusion Cnn = 0. 

9.4 Perturbation Terms in Relation to Matrix Elements. It is 
important for an understanding of the “ langue^e ” used in discussing 
problems in quantum mechanics to consider the relationship to matrix 
elements of the various perturbation terms derived in the previous 
sections. 

A matrix is defined as an array of magnitudes in rows and columns. 
It is merely a table in which certain elements are arranged according to 
a definite order. 

A very simple type of matrix is obtained from a consideration of 
three linear equations mx,y,z of the form 

Oi® + biy •+• Ci3 = 0 

a^ + b2y + = 0 

03* + b 3 y + C3Z = 0. 
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These three equations will yield definite values of x, y, 
determinant 


aibiCi 

a^2^2 

a^hsC^ 


= 0 . 


The array of values 



i 


and z if the 


indicated by round brackets, is known as a matrix. 

More generally, if we have n equations in the n variables Xi, 2 : 2 , .. . Xny 
these will be of the form 

^11^1 + ^12X2 + . • . + 0 ,\n^n = 0 
U212J1 "f" ^ 22^2 + . . . + U 2 n^n ~ ® , 


^n\^X "i~ ®n2^2 “f“ • • • “H ^nn^n ^ 
and the corresponding matrix is 

/ auUl2 • • • \ 

1 ^21^22 • • • ^ 2 n I . 


\Unl^n2 • • • ^nnf 

The element of the mth row and fcth column is indicated as amhy and 
it will be observed that the diagonal elements are designated by 
or affifn. 

Now let us consider the integral Vkn defined in equation (19), 
and arrange all the possible values of this integral as a matrix. Since 
jfc orn can have any integral value from 1 to 00 , the matrix will consist 
of a double infinitude of elements, which we can indicate thus: 

1^11 1^12 1^13 . . • Fin . . . 

F21 F22 F23 • • • ^ 2 n • • • 


FiiFtana. • .n„. . . 


(Since the determinant will be indicated by enclosing the array in 
vertical lines, we may omit the brackets when considering the cor- 
responding matrix,) 

Now it will be observed that the first-order perturbation energy terms 
are pven by the diagonal elements of this matrix. That is, 

~ F nn* 
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The coefficients Bnk of the functions in the series expansion 

/ 

k 

for the perturbation term of the first order in the eigenfunction, are given, 
as shown in equation (18), by the relation 

where Bnn — 0. These coefficients evidently correspond to all the 
elements of the nth column with the exception of that element which 
occurs on the diagonal. 

The second-order perturbation energy is given by equation (23), 
where each term Vnk • Vkn is obtained by multiplying the kth element 
in the nth row by the kth element in the nth column. The term {V nn)^ is 
excluded from the summation. It will be observed that the method 
used in deriving the expression for is similar to that used in the 
multiplication of two determinants. 

Since Fi is a real function of the coordinates, and 

Vnk -Vkn^f nlVluUr f UkViU%, 

= J' UnUndr J* VlUkUkdr, 

= f VlnUtdr, 

it follows that Vnk • Vkn is a real magnitude, and that Vnk and Vkn 
are complex conjugates. That is, | Fr?fc 1 = 1 I • A matrix having 
the property that elements which arc symmetrical with respect to the 
diagonal form a complex conjugate pair, is known as of the Hermitian 
type. It will be found that all the matrices which occur in quantum 
mechanics are of this type. 

It will also be observed that each term Vij • V jn in the expression given 
in equation (26) is real and the summation corresponds to the series 
obtained by multiplying each term in the ith. row by the corresponding 
term in the nth column, omitting those terms which are on the diagonal 
in each case. 

9.6 Perturbation Theory for Degenerate Case.^ In the previous 
sections we considered the perturbation theory for the non-degenerate 
case, that is, the case in which corresponding to each eigenvalue 

* The reader will find this section less difficult after he has studied the discussion 
of the helium atom problem which will be given in the following chapter. 
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there exists only one eigenfunction In considering the problem of 
the hydrogen atom it was shown that corresponding to any one eigen- 
value £(“, there exist r? eigenfunctions. This is therefore an illustra- 
tion of a degenerate state, in which the degeneracy may be removed 
by the perturbing effect of magnetic or electrostatic fields. 

Let us consider the case in which, corresponding to the nth eigen- 
value E^, there exist a number v (which depends upon n) of eigen- 
functions 

Uni Un2 * * “ * * * 

In the presence of a perturbing field, the single energy state of quantum 
number n splits up into v states for which the energy values may be 
designated by 

En^ = El + (27) 

Since each of the functions is a solution of the wave equation for 
the unperturbed state, the wave equation for each of the v states ob- 
tained by removing the degeneracy must reduce, as X tends to zero, to 
some linear combination of the functions Since there are v func- 
tions, it will be possible to form from them v linearly independent 
functions of the form 

Unit ~ 2 CfiyUny ) (28) 

where n and y may each assume the values 1, 2, ... i'. The functions 
are designated the zero-order wave functions, and C,iy is a coefficient, 
the value of which varies for each term of the series. 

Hence, the first-order approximation to each of the eigenfunctions 
for the V states obtained by removing the degeneracy is given by 

Unit ~ Unit "I" X<^nM> (29) 

where ^n/j plays a rdle similar to that of ^n in equation (8). 

The S. equation for the perturbed states is given by 

^^iUnit + X^hm) "b "h X€n,( — Vq XT^l) (ttn/j + X^njx) “ O' 

It follows that 

v\lit-b cc\El - VoWnit = 0; (30) 

also that 

V^rnt + «"(^ - = «"(Fi - ennWrnt. (31) 

Evidently equation (30) is satisfied because of the validity of equation 
(28). To determine we proceed by assuming that can also be 
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developed in terms of the imperturbed functions in the form 

(32) 

k » 

where the values of the coefficients Aje^ will depend upon the particular 
values of n and n as well as on A; and |3. The notation refers to any 
one of the set functions which correspond to the same energy state 

K 

Substituting from equation (32) in equation (31), the result is 
r E = (7i - en)uL„ 

k /3 

where Cn is written instead of €nii. 

Multiplying both sides by iZjjj and integrating over the configuration 
space, it is seen that 

Ak9(K -E^^f 4fi{Vi - tn)u',dr. 

For fc = n, this relation becomes 
0 


By substituting for u'„^ from equation (28), it follows that 


0 — 22 Cfiy anfiViUnydr ^ 



(33) 

¥ 

where 


= / f^ipViU^nydr, 

(34) 

and 


;j(n) f.o ,,0 J _ Jo for /3 Jii 7 ^ 

Sfiy -J UnfiUnydr " ( J f q, = .y 

(35) 


For each value of /3 there will exist a relation similar to equation (33), 
and if there are v eigenfunctions (or u^y, u®,,, etc.) corresponding to 
the same energy value in the degenerate case, there will be obtained 

V linear equations in the v coefficients Ci,y, where 7 = 1 , 2 , . . . j». 
Each of these equations will be of the form 

CuliVfli— + Cn2(.Vp2 “ etfipz) + • • • + C/tXyfir ~ *»5jSi>) — 0. 

The V equations thus constitute a system for the determination of the 

V constants (7„i, C„ 2 , etc. The condition that such a system has a 
solution (other than the trivial one that each coefficient vanish iden- 
tically) is that the determinant of the coefficients of these constants 
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should vanish. That is, the condition is of the form 

T^ll €n> Vi2) 1^13 > • • • ^\v 

F2I) 1^22 •“ €n> 1^23) • • • ^2v 

Vst, V^ 2 , F33-6„-F3, =0> (36) 

V v2t ^v3i • • • *n 

where it will be observed that owing to the validity of equation (35) 
the only coefficients of «„ in equation (33) which are not identically 
equal to zero are those which are situated on the diagonal of the deter- 
minant in (36). 

The order of this determinant is evidently the same as the order of 
degeneracy of the state for which the energy is E^. Consequently, the 
equation for «„ will be of the form 

<ln«n + • • • + Uq = 0. (37) 


That is, it will be an algebraic equation of degree v, and will possess v 
roots. 

Equation (36) or (37) is known as the secular equation. That the 
roots are real is evident from the consideration that in the case of real 
functions = Vyp, while in the case of complex conjugate functions 
it may be demonstrated as in the case of the elements in equation (18) 
that Vffy and Vyp constitute a complex conjugate pair. 

An illustration of the application of the secular equation to the case 
V = 2 will be pven in the following chapter in the discussion of the 
helium atom problem. 

Having determined the v different values of e„, it becomes possible 
to obtain for each of these values a solution of the set of equations (33) 
for the ratios of the C’s. In other words, for each value en^ a set of 
values of the ratios of the coefficients C „2 1 C^i; C^z . . . C,.„ j C„i 
is obtained, from which the expansion indicated in equation (28) for 
u'nit may be written down. 

The procedure for the determination of the coefficients A/tg in (32) 
is similar to that used in the non-degenerate case, but more tedious. 
The relation deduced for u„^ is of the form 




+ 

k 13 




where the summation inside the brackets extends over all states for 
which k 9 ^ n. 

9.6 Application to Coupled Linear Oscillators. As mentioned at the 
banning of this chapter, the perturbation theory is essentially a 
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method of transformation by means of which the solution for the per- 
turbed energy state is expressed in terms of the known solution for 
the unperturbed state and of the expression for the perturbing potential 
energy function. 


It is therefore of interest to consider the solution by the perturbation 
theory method of a problem for which the solution may also be derived 
by means of a transformation of coordinate variables. Such a problem 
is that of the coupled linear harmonic oscillators considered in the 
previous chapter. The S. equation for the system as shown in that 
connection is of the form 


dqi dql 


M 4. 

“V '2 2 /ja 




0, (39) 


where a* = and qi and 92 refer to the coordinates of each particle, 

measured along the same coordinate axis. 

It was shown that this equation could be transformed by a change of 
the variables to the so-called “ normal ” form, so that the resulting 
characteristic function could be expressed as the product of two functions 
(each a function of only one variable). In this case the perturbation 
term in the expression for the potential energy function is given by 
— 2 e\iq 2 /R, and it was found that this leads to a perturbation term in 
the expression for the total energy of the form 


AE 


hvoe* 

2iW ’ 


which corresponds to an attractive force between the oscillating particles. 

Let us now consider the same problem from the point of view of the 
perturbation theory. 

Using the same symbols as in the problem of the linear harmonic 
oscillator (see Chapter V), the frequency of each identical oscillator in 
the unperturbed state is given by 


Vo 


= 1 ^ 

2ir Vm’ 


We shall replace qi and ga in equation (39) by the new variables Xi 
and ® 2 j respectively, defined by the relation 




( 40 ) 
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Consequently, equation (39) becomes 


where 




( 41 ) 


and 


16ir*/te® 1 4e® 


(42) 


Thus the perturbation potential energy term is —\X 1 X 2 where X is a 
parameter, the value of which vanishes for the unperturbed state 
(«= «). 

The characteristic function for the unperturbed state is 

^nm ~ ^n(®l) ’ (43) 

and the energy of the system for the quantum states, n and m of each 
oscillator, is 

^nm ~ ^)^*'o + (wi + ^)hvo — (n + m + l)ln'o. (44) 

As shown in Chapter V, the function <t>nix) is real and has the form 

^„(a:) = « ^Hnix), 

where Hn{x) is the Hermitian polynomial of the nth degree. 

Applying equation (16a) for the first-order perturbation energy, 
which will be designated by it follows that 

AE^^^ = —X J* XiX2dXidZ2, 

where the limits of integration are ± w for each variable. Hence, 

= -X J'<l>„(xi)xidxi J* 4>m(xi)x2dx2. (45) 

But as was shown in Chapter V, the integrals on the right-hand side 
of (45) correspond to the average values of xi and X 2 respectively, and 
each of these vanishes. Hence, 

* 0 . 


Let us now conader the second-order perturbation energy. Accord- 



APPLICATION TO COUPLED LINEAR OSCILLATORS 255 


ing to equation (23) this is ^ven by the relation 



where 


F„--/ 


U%^XiX2u\,n'^ldX2, 


(46) 

(47) 


and n' and w! correspond to the values of the quantum numbers n and m 
for any other state of the system. Thus the total energy of the oscillators 
in the unperturbed state n'm' is given by 


K'm' = («' + w' + l)hvo. 

Evidently, 

V^f = - J <t>n{Xl)4>n'iXl)XidXi J ^miX2)4>m>{X2)X2da:2, 


and the summation in (46) is extended over all possible values of n' 
and m', excluding the state n' = n,m' = m. 

Now for the oscillators under consideration, n — m = 0. Also, as 
shown in Chapter V [see equation (5.36) and subsequent discussion], 
the integral 

Inn* ~ f <t>n(x)<l>n>{x)xdX 


vanishes unless n' — n = dbl. Since n = 0, the only possible value of 
n' is 1, and similarly for m'. Furthermore, since 



it follows that 



This constitutes the only term in the summation indicated in equa- 
tion (46). To determine the corresponding values of the denominator 
Ego — it must be observed that in equation (41) both a/b and x are 
dimensionless, and hence in equation (46) is expressed as a multiple 
of a unit of energy. Since a/b = 2E/hvo, the unit of energy is hvo/2. 
In terms of these units, 

2hvo 
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Consequently, 


iflV. ^ 

' 32 


hvQe* 


( 48 ) 


which is identical with the result obtained in equation (5.20). 

In order to obtain the corresponding perturbation terms in the 
eigenfunction for the system a much more tedious calculation is necessary, 
and hence the method used in Chapter VIII is much more convenient 
in that respect. It should, however, be pointed out that, though 
vanishes, it does not necessarily follow that the corresponding 
first-order perturbation term in the eigenfunction also vanishes. Thus, 
if we apply equation (18) and equation (5.36) we obtain the result. 




f J (l)o(X2)<l>l(X2)X2dX2 


jpO 

^00 


S' 


11 


X •<^i(a:i)<^i(xa) 
8 


2 . 2 

since <l>i(x) — 2x • e ^ . 

Hence, to a first approximation, the eigenfunction for the system 
will be given by 



= 1100^1 



wluch shows that u will be greater or less than tioo according as X 1 X 2 
is positive or negative. 

9.7 Interaction Energy of Two Hydrogen Atoms. In Chapter VIII 
the problem of the interaction of two hydrogen atoms, at such a dis- 
tance that there is no interchange of electrons, was treated as a problem 
of three pairs of linear harmonic oscillators, each pair acting along one 
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of the three orthogonal coordinate-axes. This is the method used by 
F. London^ and also by J. E. Lennard-Jones.® 

On the other hand, R. Eisenschitz and F. London® have applied 
the second-order perturbation theory, using for this purpose the wave 
functions for the hydrogen atom. The following remarks give a sum- 
mary of their extremely comprehensive paper. 

At relatively small distances of separation two hydrogen atoms may 
react to form a molecule. The large binding energy arises from the 
fact that the two electrons, originally associated with separate nuclei, 
constantly interchange places. This problem was first treated by 
London and Heitler and is discussed in a subsequent chapter. As the 
distance of separation between the two atoms increases, the frequency 
of such interchanges decreases and at sufficiently large distances be- 
comes negligibly low. Under these conditions, however, there exists 
an attractive energy which is due to dipole-dipole interaction and which, 
as shown in the previous chapter, accounts for van der Waals forces. 
The perturbing potential energy term for this interaction is pven by the 
relation 

gZ 

Up = ^ (* 1 X 2 + j/ij/2 - 2 Z 1 Z 2 ). (S.36) 

In terms of ri, r 2 , and R (see Fig. 50) this may be expressed in the 
form^ 

Vp = ^-^j^cos (n, rg) - 3 cos (ri, R) cos (r 2 , /2) j, (49) 

where cos (ri, r 2 ) refers to the cosine of the angle between ri and r 2 , 
and similarly for cos (ri, R) and cos (r 2 , R). 

Let V'i(l) denote the eigenfunction for the hydrogen atom in which 
electron 1 occurs and <^i(2) the eigenfunction associated with electron 
(2). Then, the first-order perturbation energy is given in accordance 
with equation (166) by the relation 

A£(i) = J* ^?(l)4.f(2)FpdTidT2. 

It may be shown that since the eigenfunctions are spherically sym- 
metrical, the integral in this equation vanishes, so that = 0. 

4 Z. physik, Chem,, Bll, 222 (1931). 

® Proc, Phys. Soc, (London)^ 48, 461 (1931). 

® Z. Physik, 60, 491 (1930). 

^ See Jean's “ Treatise on Electricity and Magnetism " for the derivation of this 
relation. 
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Let designate the energy of hydrogen atom in state of total quan- 
tum number n. Then, in accordance with equation (23), the second- 
order perturbation energy is given by the relation 





FinFnl 

(£», + El.. - 2EI) ' 


(50) 


In this equation, n' and n" refer to exdted states from which transi- 
tions are permitted to the normal state ra = 1, and the prime above the 
summation indicates that we must omit the case n' = n" = 1. These 
states must therefore be of the nature of p-states (Z = 1), for which the 
eigenfunctions are not spherically symmetrical. 

The matrix elements are defined by the relation 


Vin =yni=f hii)M)Vp<t>ii2)4>n'Wridr2, (51) 


in which, in order to simplify the argument, it is assumed that the 
eigenfunctions are real. 

The evaluation of the individual terms in equation (50) is evidently 
quite involved. By adopting a simple approximation to the series, 
L. Pauling and E. B. Wilson, Jr.® have derived the value 


^£( 2 ) = _ 


6e®a0 

~¥'' 


(52) 


while Eisenschitz and London, by carrying out the more laborious com- 
putation, obtained a value for in which the factor 6 is replaced by 
6.47. These conclusioas are to be compared with those given in the 
previous chapter regarding the value of C in equation (5.41). 

It is of interest to point out that the physical interpretation of equa- 
tion (50) is essentially the same as that of equation (46). 

« Combining equation (49) with equation (51), it is seen that the 
matrix element Fi„ involves the product of two integrals which are 
as follows: 


and 


n„. = e 

Mn" = ^ y*r2<Z'i(2)<Z>„/»(2)dT2 


(53) 


These evidently correspond to dipole moments. Now, as is dis- 
cussed more fully in Chapter XV, the magnitudes of these moments are 
related to the intensities of the lines corresponding to the transitions 
n' —*1 and n" — > 1, respectively. Thus, the value of the second-order 


* “ Quantum Mechanics,” pp. 384-385. 
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perturbation energy may be derived from observations on spectral in- 
tensities. It is also evident from these considerations and those stated 
in the previous chapter that the polarizability a may be calculated from 
the values of the energy levels and the corresponding eigenfunctions. 
It is because of the existence of this connection between a and the 
van der Waals forces that the latter have been designated “ dispersion 
forces.” (See footnote at the end of the previous chapter.) The dis- 
cussion in the following section illustrates even more directly this point 
of view of the van der Waals forces. 

9.8 Application of Perturbation Theory to Stark and Zeeman Effects. 
In presence of magnetic fields (Zeeman effect) or strong electric fields 
(Stark effect) spectral lines are resolved into components.® Since 
any spectral line is due to a transition between two energy states, the 
observed effects must be due to the perturbing effect of the field on the 
motion of the electron about the nucleus, in each of the two energy 
states. 

A simple illustration of the Stark effect is the problem discussed in 
Chapter VIII and in the previous section, which dealt with the effect 
on the energy states and eigenfunctions of a linear harmonic oscillator 
of the field due to an identical oscillator at a distance. 

In the case of the hydrogen atom, the S', equation for the perturbed 
state in presence of an electric field of strength F applied in the direction 
of the 2 -axis is of the form 

+ ^(^ + 7 - = 0, (54) 

where XFi = eFz is the perturbing potential energy function. 

(In discussing, in Section 8.4, the effect of an electric field on the 
linear harmonic oscillator, the negative sign was used for the perturbing 
potential energy function because the electric charge was regarded as a 
positive magnitude. However, since a field directed in the positive 
direction of z exerts a force on the electron in the negative direction of z, 
the positive sign must be used in the present case. It should also be 
noted that with this convention in signs, the value to be used for the 
electron charge e should be regarded as a positive magnitude.) 

According to equation (16a), the first-order perturbation energy is 
given by 

= cF J* ?»l«t2^nlmdT. (56) 

• For description of these observations see F. K. Richtmyer’s “ Introduction to 
Modem Physics,” also H. S. Taylor’s “ Treatise on Physical Chemistry,” Chapter 
XVI. 
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Let us consider the case n = 1, 1 = w = 0, that is, the normal state 
of the atom. Then is a function of r alone, and if ^ is multiplied by 
z and integrated over the whole of the configuration space the integral 
must vanish. Consequently, = 0 for the normal state of the 
hydrogen atom. 

In the case of the second-order perturbation term, equation (23) 
shows that 

^(2)^, 2^,2 (56) 

where 

Fit =y* 5ioo«0WmdT. (57) 

If 2 = m s: 0, then the integral vanishes for the same reason as in 
the case n = fc = 1. But if either or both of the eigenfunctions are not 
spherically symmetrical then Fi*. has a definite value which may be 
calculated from the expressions for the eigenfunctions, and from the 
values of 

An interesting application of equation (55) is in the calculation of the 
polarizability.^® As pointed out in the previous chapter, the increase 
in energy of an atom in a uniform electric field of strength F is given by 

aF^ 

Ep (S.25) 

But Ep, the polarization energy, must be identical with the 

second-order Stark effect. Hence, 

“ = <“) 

That is, the polarizability can be calculated, as mentioned in the 

previous section, from the values of the energy levels and corresponding 
eigenfunctions. 

As shown by E. Schroedinger” and subsequent investigators, the 
relations deduced from equation (54) are in good agreement with the 
actual observations on the splitting up of the hydrogen lines in an 
electric field. 

In the case of the Zeeman effect the first-order perturbation energy 
See references in collateral reading. 

Arm. Phy»ik, 80, 437 (1926). See also Condon and Morse, “ Quantum Me- 
chanics," pp. 123-129. 
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term is given by the same relation as was derived in the older theory, 
that is, 



where m may have any one of the integral values ranging between 
—Z and +Z, and H is the strength of the magnetic field. 

COLLATERAL READING 

1. Illustrations of the applications of the perturbation theory are given in (1) 
Pauling and Wilson, ^‘Quantum Mechanics,” Chapter VI, and (2) Condon and 
Morse, “Quantum Mechanics,” p. 116etseq. 

2. The method used for deriving equation (58) for the polarizability is that given 
by Lindsay and Margenau, “Foundations of Physics,” pp. 460-469. This section 
also contains a discussion of the application to the Zeeman effect. 

3. The reader will also find it of interest to consult the following references on the 
perturbation theory: 

(1) Kemble, E. C., Phya. Rev, SuppL, 1, 157 (1929). 

(2) Slater and Frank, “Theoretical Physics,” Chapter 32, which develops 

the relations by use of the secular equation. 

4. Eisenschitz, R., and London, F., Z, Physik, 60, 491 (1931). The first part 
of this comprehensive paper is quite difficult to follow, but the reader will find it 
instructive to study more fully the second part which deals specifically with the 
problem of the interaction of two hydrogen atoms. This paper is also of interest in 
connection with the Heitler-London treatment of the problem of the H 2 molecule 
which is discussed in a subsequent chapter. 



CHAPTER X 

THE HELIUM ATOM — PERTURBATION METHOD 


10.1 Atomic Units. In dealing with the problem of the helium atom 
and atomic systems in general, it is convenient to use a system of so- 
called atomic units, which were introduced by D. R. Hartree* and 
have been adopted quite generally by writers on quantum mechanics.^ 
These units are defined as follows : 

Unit of length, the radius of the Bohr orbit in the normal state (n = 1) 
of the hydrogen atom, which is designated by uo, where 

®0 . 2 ^2 ’ 

4ir /iC 


Unit of charge e, the charge on the electron; 

Unit of mass n, the mass of the electron. 

Consistent with these are the following: 

Unit of action h/ (2r), which is usually designated by A; 

Unit of energy e^/a^, which is tvrice the ionization energy of the hydro- 
gen atom with fixed nucleus, that is, 2 X 13.53 e.v. 

Hence in terms of these units 


and 


r = <rao, 

^ X • X • Aw^ne* 
ao “ h^ 


( 1 ) 

( 2 ) 


= X • 2Rch, 


where a and X are dimensionless numbers, and R is the Rydberg con- 
stant for infinite mass, that is Roc- 

Let us now consider the radial equation for the hydrogen-like atom 
which, as shown in equation (7.8), has the form 


^ 2 dS ( SttVE l{l + 1) ] „ 

dr^ ^ r dr \ h^r J 


(3) 


^ Proc. Cambridge Phil. Soc.f 24, 89 (1928). An interesting discussion of this topic 
is given by E. U. Condon and G. H. Shortley in the Appendix of their treatise, “ The 
Theory of Atomic Spectra.’^ 

2 H. Bethe uses these units in his article in “ Handbuch der Physik,” Vol. XXIV, 
Part I. 
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Evidently, 


dr Oo dff ’ dr^ o* da^ ’ 

Sfl-yg X • 32a-W 2\ 

h* a0 ' 

8«-VZe^ 2Z 

h^r Onff 


Hence, equation (3) assumes the form 


d^S . 2 dS 


_| — . — — ^ 2X H 


2Z l{l + 1) 


da^ <T da 


This has the solution [see equation (7.32)] 


5 = 0 . 


SnM = 


(5) 


2Za 

(6) 

where 

Po — 


n 



2Zr 

(7) 

That is. 

Po = — ' 


as in Chapter VII. (The symbol po is used to distinguish this from the 
symbol p used subsequently.) 

The eigenvalues corresponding to the eigenfunctions 5 »j((t) are 
given by the relation 

72 

( 8 ) 


That is, 


„ 4irV* Z* . 


The complete eigenfunction for the system is given, as shown in 
Chapter VII, by the function 

0nJm(<r, 6, ,) = 5„,(<r) • PT{cos d) • e*”*”, 
which is the solution of the S. equation 


V^<t> ■]“ ^2X -\ ^0 — 0. 



264 THE HELIUM ATOM — PERTURBATION METHOD 

For the state n - 1, I = 0, it follows from equation (7.35) that the 
normalized eigenfunction is given by 

^100 = 7= ’ e (9) 

V T 

and the eigenvalue by 



that is, by 

Ei = -Z^- Reh. 

10.2 The S. Equation for the Helium Atom. For the helium atom, 
the S. equation in terms of ordinary units [see equation (P.l)] is 

+ + ^ + = (10a) 

where ri and r 2 are the distances of the electrons from the nucleus, and 
ri 2 denotes the interelectronic distance. In terms of Hartree units this 
equation becomes 

Vf0 + V2</> + 2^XH 1 = 0, 

\ (Ti <T2 <ri2/ 

which may also be written in the form 

+ Vi<^ + 2 (I + - + - - = 0. (10c) 

\Z (Ti <72 Z(t\2/ 

The last equation shows that, for Z — » w, the perturbation term 
vanishes, and the solution is then given by the “ zero-order ” eigen- 
function 

4>0 ~ ^njljmj(vi) • 0n2J2*"2(®^2)> (H) 

where <ri is used instead of (Ti, fli, iji, and similarly for < 72 . 

The corresponding eigenvalues are evidently given by the relation 


Xo = + ^2 



which follows from equation (8). 

Evidently the S. equation (106) or (10c) is unaltered if the coordinates 
of the two electrons are interchanged. That is, the S. equation is 
satisfied by either ^i(<7i) •<^ 2 (o’ 2 ) = 1^12 or 0i(ff2)^2(<»'i) = ^ 21 . Con- 
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sequently there must exist a relation of the form 

U%\ = C • U\2) 

where c is a constant which when multiplied by Ui 2 converts it into 
W 21 . But if we multiply the function ^21 by c, we must obtain the 
function tti 2 . Hence, 

U 12 = • «i2; c = ±1, 

and W21 = iwi2- ( 13 ) 

The zero-order energy corresponding to each of these two functions 
is the same, as is evident from equation (12). Thus, we have here a 
twofold degeneracy, owing to the fact that the two states defined by W 21 
and U 12 are indistinguishable when there is no interaction between 
the electrons. Equation (13) shows that, for an atom with two elec- 
trons which are in different quantum states, the eigenfunctions may 
behave in one of two ways for an interchange of coordinates of the 
electrons. The functions either remain unaltered or they change sign. 
The former are designated symmetrical, and the latter antisymmetrical, 
eigenfunctions. In the case of helium, the symmetrical functions 
correspond to the para-states, and the antisymmetrical to the ortho- 
states, as will be shown in a subsequent section. 

Only in the normal state (ni = n 2 = 1, h = I 2 — 0) is this de- 
generacy absent. We shall therefore consider first the solution of 
the S. equation for this case. 

10.3 The Normal State of the Helium Atom. The zero-order eigen- 
function for this state is 

<^0 = <l>M<t>xM = - • ( 14 ) 

TT 

and the corresponding zero-order energy is evidently 



That is, in ordinary units 

£T(o) ^ = -2RchZ^. (15) 

h 

Applying the first-order perturbation theory to equation (106), it 
follows from equation (S.16) that the perturbation energy is given by 

0?(<ri)«?(a2) • 4w?d(rx • 4,r<7|d<72, (16) 

•/ <ri2 

where has the form indicated in equation (9). 
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Let Za = p, then the normalized functions are of the form 

TT 


and equation (16) assiunes the form 

= Z f— 01 (pi) • 4irpidpi • 01 (p2) • 4irp2dp2- (17) 

The integral in this equation represents, physically, the energy of inter- 
action of two charge distribiUions. Though it could be calculated by 
expressing pi 2 as a function of pi, P 2 , and 0 (the angle between the two 
radii) by the relation 

Pi2 = Pi + pi ~ 2piP2 cos d, 


and then eliminating 6 by an integration with respect to this variable, a 
much simpler method is available, which involves the application of 
potential theory * 

Let us consider a spherically symmetrical charge distribution described 
by the function /(p). The total charge contained in a spherical shell of 
thickness dp at p = p, is, therefore, /(p,) • ^irpgdp, and the potential of 
this shell at any point is given by 


and by 



4Tp?/(p,)dp for p>p„ 



4xp^(p,)dp = 4irpa/(p,)dp 


for 


P < P»- 


Hence, the potential at a point p = p„ due to the total charge dis- 
tribution represented by 


/(Pi) =0*(Pi) = 

T 


is given by 

V(pt) = 4ir|— f *0*(pi)pidpi + f 0^(pi)pidpi| 

iPiJo */p J 

= 4 1— /* * «“^'’>Pidpi + f f^^pidpi I • 

IPs Jo */Pg J 

The evaluation of these and similar definite integrals is discussed in 

* The reader will find an especially interesting discussion of this topic in the paper 
by A, Unsaid, Ann. PhysOc, 82, 365 (1926-27). See also Appendix IV, Section 17. 
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Appendix 111. Substituting these values in the last equation, the result 
obtained is 

r (p.) = + p.)} • (18)^ 

Let us now consider the interaction energy of this charge distribution 
with another charge distribution defined by <^®(p 2 ) = (l/ir)e~*P2. This 
may be derived from a summation of terms, each of which pves the 
interaction energy between the charge distribution <i>^(pi) and the 
charge located in the shell of thickness dp at p = p 2 . It is seen that 
these terms are of the form 

dU = F(p 2) • <#>*(P2) • 4irp2dp2, 

where P 2 takes the place of p, in equation (18). 

Hence, the total interaction energy due to the two charge distribu- 
tions is 

U = F(p 2 ) • <#>^(P 2 ) • 4irp|dp2 

= 4 r {- e-^^ipldpi 

•/O lP2vO 

+ 4 y* €~*Pipidpx| dp2 

As shown in Appendix III, the evaluation of these int^rals leads 
to the result 

t/ = 4 ^ - 3^) = f . 

Consequently, we deduce from equation (17) the result 

AX = f Z, 

and hence the perturbation energy in ordinary units is given by 
A£i = ■^Z • 2Rch 

= ^RchZ. (20) 

* This equation is the same, except for the difference in units of length, as equa- 
tion (9) of Unsdld’s paper. 
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Hence, the total energy, corrected for the first-order perturbation, is 
given [see equation (15)] by 

£(0) + AS = -2RchZ^ + ^RchZ. 

This gives the energy of the helium atom with respect to the dm^ly 
ionized atom, as represented by the process 

He->He++ + 2e. 

On the other hand, the energy absorbed in the process 
He+->He++ + g 

is RchZ^. 

Hence, the energy required for the process 

He->He+-|- e, 

that is, the ionization energy of the helium atom,® is 
F. = Rch(Z^ - \Z) 

= 13.53 X 1.5 = 20.30 volts. 

Since the observed value is 24.47 volts, there is a discrepancy of 4.17 
volts, that is, of about 17 per cent of the correct value. But it should 
be noted that without the correction term ^Z, the calculated value 
for Vi would have been 13.53 X 4 = 54.1 volts, so that the correction 
introduced by use of the first-order perturbation has reduced the cal- 
culated value from one which is more than twice the observed value to 
one which is 17 per cent lower than that observed. By calculating the 
second- and higher-order terms of the perturbation enei^, a much 
better approximation to the correct value could be obtained. However, 
by the application of the method of variation of parameters (discussed 
in the following chapter), it has been foun^i possible to avoid the tedious 
calculations involved in the use of the perturbation theory method, with 
more satisfactory results. 

10.4 Excited States of the Helixim Atom. Let us now consider the 
case in which one of the electrons is in the state n = 1, 1 = 0 (state 1), 
and the other is in the excited state n = n, i = 0 (state n). As pointed 
out previously we find that in this case it is possible to have two eigen- 
functions corresponding to the same zero-order enei^ value. These 


may be described thus: 



Electron 1 

Electron 2 

Eigenfunction 

State: 1 

n 

^In - ^l(pi)^n(p2) 

State: n 

1 

Pnt — <^n(Pl)<^l(P2) 


* Actually the value of R for helium should be used in this calculation. The 
difference is, however, ne^gible for the present purpose. 
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The system is therefore twofold degeneraie, and we must apply the 
perturbation theory as developed in Chapter IX for this case. Instead, 
however, of utilizing directly the results deduced there, it will im- 
doubtedly prove of help to the reader for a proper understanding of the 
more general discussion given in that chapter, if we apply these argu- 
ments to the more specific problem under consideration. 

Since the functions Fin and F„i are equally valid solutions of the S. 
equation for the system, any linear combination of these will also be a 
solution. Wc therefore put 

F = aFin + bFni, (21) 

and write for the solution of the perturbed system 

<l> = F + rp, 

and for the energy of the perturbed system, in Hartree units, 

X = Xi d" X 2 “H 5j. (22) 

Substituting these in the S. equation (106), we obtain the equation 

( 2Z 2Z 2 \ 

2Xi + 2X2 + 2n + — + ){F + ^p)=0. 

ffl 02 0\2/ 

Since Fi„ and Fn\ satisfy the S. equation for the unperturbed system, 

( 2Z 2Z\ 

2X1 + 2X2 H 1 = 0 . 

<^ 2 / 

Neglecting products of the second order, it follows that 

vV "t" ^" 2 X 1 + 2 X 2 H 1 = ( • (23) 

\ <^ 2 / V 12 / 

This equation is inhomogeneous, and in order that it shall have a 
solution, it is necessary, as shown in the first-order perturbation theory 
for the non-degenerate case, that the right-hand side of (23) shall be 
orthogonal to each of the solutions Fin and Fni of the corresponding 
homogeneous equation. Hence, we obtain the two reloMons 



J {s - rj)P • Fin • dr = 0, 

(24) 

and 

f {s- vW • Pni 'dr -Q, 

(26) 
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where the integration is carried out over the configuration space defined 
by the element of “ volume,” 

dr = 4ir<r ids’! • ^a%dai, and s = • 

Substituting from ( 21 ) it follows that 

af[s- n)Fl„dT + bf{s- n)Fin • Fnidr = 0 , ( 26 ) 

and 

af(s- v)FinFnidT + bf(s- v)Flidr = 0 . ( 27 ) 

Let 

Vn = / sFt^dr = IQir^f ^^<l>\(<ri)<t>l{<r2)<ri4d<Tida2 ( 28 ) 

1^22 =J* sFindr = 16 *-^^ ^<l>n(<^l)<l>l(<^2)44d<rid<r2 
Vi2 — V21 = J* sFniFindr 

= 16ir^ J*^tl>i((Ti)<l>n{<fi)<l>ii<r2)<l>n((f2)44d(rida2’ ( 29 ) 


Now it is evident that 


J* FniFindr — ^ 0i(o’i)0n(vi)4T(rid(ri^ <^i(v2)^n(o’2)4ir<r2da2 — 0. 
Also that 

^ Fnidr </>n(®'i)'^i(v2)4ir<ri • ^<J2^\^2 ~ J* Findr = 1. 

Furthermore, since the perturbation function l/ffi2 is symmetrical 
with respect to vi and ff2> it follows that 

Fll = 722 . 

Hence, we can write equations ( 26 ) and ( 27 ) in the form 

®(Fii — »?) + h 7 i 2 = 0 , 

and 

o7i 2 + h(7ii — 1 ?) = 0. 

The solution of this pair of equations is given by solving the “ secular ” 
equation 

7 x 1 - V, V12 


that is. 


= 0 , 


( 30 ) 


7 x 2 , 7 xx - V 

( 7 x 1 - V? - (Vnf = 0 . 
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It follows that 


and 


ij = Fii ± Vi2, 

CL = db6. 


Therefore, the two zero-order eigenfunctions are 


Fs = a{Fin + Fni) 

and 

Fj, = difin — Fnl), 


where Fs is evidently a symmetrical function, since it does not change 
sign when the coordinates of the two electrons are interchanged, while 
Fa is antisymmetrical. 

Since Fs and Fa must each be normalized, it follows that 

1 = a^f (Fin + Fli)dr ± 2a* J F^Fnidr, 

where the last integral on the right-hand side is equal to zero. 

Therefore, 2o^ = 1; a = 1/^2, and the two zero-order eigen- 
functions arc 

Fs = + <^n(<»'l)<^l(<r2)| > (31) 

and 

Fa = ^^|<^l(<’’l)^n(v2) ~ ^n(<»’l)^l(»’2)|’ (32) 

The corresponding eigenvalues to a first-order approximation are 
given in Hartree units, by the relations 

Xs = - ^ (2* + 5) + Vn + V 12 ; (33) 

Xa = -^(^“ + ^ 5)+ - F12; (34) 

as is evident from equation (12). 

The last two relations signify that, as a result of the interaction of the 
electrons, that state, for which the energy is — (1 + l/n^)RchZ^ in 
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absence of such interaction, is split up into two states which differ ii 
energy values. 

For the case n = 2, as shown in the next section 

Vn = 0.210Z; 

Vi2 = 0.022Z; 

so that, 

= Xs • 2Rch = - (1 + ^) RchZ^ + O.mRchZ; 
and 

Eji = \A' 2Rch = - (1 + i) RchZ^ + 0.37QRchZ. 


Thus Ea and Es represent spectral energy levels which are symmetri 
cally located with respect to the energy value E = — (1 + \)RchZ^ H 
0A2ORchZ, and the level corresponding to the antisymmetric state i 
lower, since it is more negative. That is, the binding of the two ele( 
trons to the nucleus is greater for the antisymmetric state. If no rcpu 
sive forces existed between the electrons, the binding energy to th 
nucleus would be {^)RchZ^. The existence of repulsive forces decreas( 
this energy by 0A20RchZ, corresponding to the term Vu. While th 
existence of this matrix element is therefore readily interpreted on th 
basis of classical concepts of interaction of electrical charge distribi 
tions, the existence of the additional term ± F 12 , in the expression for th 
energy, results, as is evident from the previous considerations, from th 
solution of the S. equation, and is therefore a non-classical deduetioi 
That this result is a purely quantum mechanical conclusion is of ej 
treme significance, as will be pointed out in another section. Since th 
occurrence of the term ±Fi 2 is due to the fact that the electrons ma 
interchange “ orbits,” integrals of this type, which occur frequentl 
in quantum mechanics calculations, have been designated as exchani 
integrals in contradistinction to the Coulomb integrals of which th 
term Fn is a typical example. 

10.6 Calculation of Matrix Elements Vn and F 12 . To determir 
the values of the matrix elements Fn and Fi 2 , it is necessary to evalual 
the integrals in equations (28) and (29) for specific values of n. As a 
illustration of such a calculation, we shall consider the case n = ‘ 
1 = 0, m = 0, that is, the state of the electron designated spectre 
scopically as 2s. The hydrogen-like eigenfunction for this state i 
given, in accordance with equation (7.36), by the expression 


^200 — — 


(p-2)_- 

Vn 


(35 
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where p >■ Z(r,aiid 

N = J* (p — 2)^ • e~^iirp^dp 

= 4*r^ ip* — 4p® + 4p®)e“'’dp 

= 32ir. 


Thus the problem of evaluating the integral 7ii is similar to that of the 
integral in equation (17), and therefore 

Vn’=’ Z f 4>2(p2)^P2l~ f ^i(pi)4irpxdpi 

•/pj-O IP2»7 o 

0i(pi)4»rpidpi |cfp2; 

“ ^ + P)}4>rp®dp; 
t/o uZir p 

= {e“'’(p® - 4p® + 4p) — e~®'’(p* — 3p® + 4p)}dp; 

= = 0.420iBcftZ. (36) 

By analogy with the expression given in the last equation for cal- 
culating the integral Vn, the integral V 12 is expressed in the equivalent 
form 


V 12 - Z f <^2(p2)0i(P2)4irp2|“ f <<>2(pi)0i(pi)47rpi(ipi 

•/p2*0 tP2vO 

^2 (pi )^i (pi ) 4irpi<ipi |dp2. 


(37) 


That is, we replace ^^(Ps) and <^i(pi) by “ mixed ” distributions 
^a(P 2 )<^i(P 2 ) and <^ 2 (pi)<^i(pi), as eocA dectron were cmtimurusly dUer- 
nating between the two quantum states, so that the effective charge dis- 
tribution is a geometrical mean, as it were, of the two well-defined 
distributions. From this point of view the origin of the designation 
“ exchange integral ” is readily understood. 
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Substituting in the integral in (37) from equations (9) and (36), the 
result is® 




rl^2(p3 - 2) ^ Ji 6-1^1 (pi - 2) 


4irV2 


Ip,*'o 


4fl-V'2 


4»pfdpi 4- 



e-|pi(pt -2) 

iirV2 


• 4Tpidpi [dpa , 


- Z • ^ = 0.0439i2c/iZ. 

u 

For the general case in which one electron is in the state w = 1, il = 0, 
and the other in the state n > 1, t = 0, the integrals Vn and V 12 may 
be expressed, as shown by Unsold, by the relations 

V12 = iZb 

in terms of 2Rch as a unit of energy. For different values of n, the con- 
stants a and b have the values indicated in the following table 

n; 2 3 4 

o: 0.0802 0.0232 0.00973 

b: 0.0439 0.0115 0.00468 

The fact that a decreases with increase in n is due to the decrease in 
Coulomb energy of repulsion between the electrons. The electron wave 
functions “ overlap ” less as n is increased. The decrease in the ex- 
change energy F 12 with increase in n is accounted for on the same 
basis. 

10.6. Exchange Energy. As mentioned already, the existence of 
terms such as F 12 is a purely quantum effect which has no classical 
mechanics analog. The nearest analog to the phenomenon is that 
of the interaction of linear harmonic oscillators, or that of the electron 
oscillating between two adjacent potential boxes. As pointed out in 
Chapter VIII, each of the single energy levels which exist for the unper- 
turbed states of the system (in absence of any coupling action) is split 
up, as a result of the interaction, into two levels. The difference in 
energy of any pair of such levels decreases with increase in n. Also 
corresponding to each of these pairs of levels there exist a sjunmetric 
and an antisymmetric eigenfunction. 

‘ See footnote 3 of this chapter. 
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Because of this formal resemblance of the interchange phenomenon 
in the helium atom to the resonance coupling of two linear harmonic 
oscillators, the term V 12 has also been designated as a resonance energy. 
However, it cannot be emphasized too strongly, that any such analogy 
should not be used to give a physical interpretation of the results de- 
duced in the previous sections. Rather, the occurrence of the term 
Fi 2 must be regarded as a logical consequence of the fact that in the 
excited state of the helium atom the system is two-fold degenerate. 

The difference between the symmetric and antisymmetric states 
of the excited helium atom may be represented diagrammatically by 
Fig. 52, which is taken from the excellent discus- 
sion of this topic by C. G. DarwinJ 

The two electrons are assumed to be in “orbits 
with angular momenta differing by one quantum 
(ni = 1, 712 = 2). As Darwin points out, “ If one 
electron is found to be at 0, then in the symmetric 
mode the other is most likely to be at aS, whereas 
in the antisymmetric mode it is most likely to be 
at From this point of view the fact that Ea 
is greater numerically than Es is evidently due to 
the smaller magnitude of the repulsive energy term 
between the electrons when they are in the anti- 
symmetric state, so that the net attractive energy between each electron 
and the nucleus is greater. 

It is extremely important to realize that the term V 12 is not dm to the 
action of any new type of force. It merely expresses the fact that the 
two electrons are indistinguishable in their motions. It is thus an in- 
direct result of the validity of the Principle of Indeterminacy. 

Instead of the designations Vhk and Vkj for the Coulomb and exchange 
integrals, respectively, a number of writers on quantum mechanics have 
adopted different symbols for the two types of perturbation integrals. 
Thus Pauling and Wilson use the letters J and K to indicate Coulomb 
and exchange integrals respectively. For instance, 



Fia. 52. Symmetry 
and antisymmetry of 
electrons. From 
“ The New Concep- 
tions of Matter/' by 
C. G. Darwin. 


Jf = f </>io(l)<f> 2 o(^) — 4>io(l)<f>2o(2)dTidT2; 

U (712 

<7i2 


The subscript s refers to the fact that the eigenfunctions are of the 
spectral type s. 

^ “ The New Conceptions of Matter,” p. 205. 
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As emphasized previously, the integral K arises from the fact that 
the two electrons are constantly interchanging “ orbits.” It will also 
be observed that the existence of this energy term is bound up with the 
occurrence of a twofold degeneracy, as indicated in equation (29), by 
the relation 

Fi2 =* F 21 = f * — F InF nldTidT2. 

«/ ffi2 

Furthermore, in the case of the helium atom, this expression has 
a 'positive value. This result will appear of special significance in 
the discussion of the hydrogen molecule problem in a subsequent 
chapter. 

Since, in classical mechanics, we define a force as the negative deriva- 
tive of the energy with respect to distance, in accordance with the rela- 
tion 



we could logically consider the exchange energy as due to ” exchange 
forces.” However, the form of the expression for F 12 shows that such 
a calculation would not only be tedious, but also meaningless. 

In fact, we find that in quantum mechanics, the concept “ force ” 
is not required. After all, the only magnitude susceptible of measure- 
ment is that of the energy involved in the formation of an atom from a 
nucleus and electrons, or the energy of dissociation of a molecule. 
Even in the case of van der Waals forces, which were discussed in 
Chapter VIII, the quantum mechanics calculation led to a value for 
the interaction energy of the form 


AE = - 


3 

4 



2 


From this it follows as a 'mathsmaticdl consequence that 


d{AE) 

dr 


1 


and if we wish to regard this as defining a force which is a function of r, 
it is permissible to do so. But actually this deduction does not in any 
manner help toward a better understanding of the phenomenon. 

10.7 Orthohelium and Parhelium. As shown in the previous sec- 
tion, quantum mechanics leads to the conclusion that the spectrum of 
helium should exhibit two sets of energy levels. These are defined, in 
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the caae Z = 0 («-levels) by the relations 

Es ^ RchZ^ + (^- a^RchZ + bRchZ; 

RchZ^ + ~ - bRchZ. 



In terms of vmve numbers [? = —E/ (^c)] these are given by 

U.A - «Z‘(l + -^+ BZ(®T ». 

where (o — b) refers to vg and (a + b) to that is, for any given 
value of n the term with the smaller munerical value of p should corre- 
spond to the symmetrical state. 
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Actually, the spectrum of helium (see Fig. 63) shows two sets of 
energy levels which were at one time regarded as characteristic of two 
different atomic species. These are known as the parhelium and ortho- 
helium series. Each level is designated by the quantum states of the 
two electrons. Thus, the lowest level is Is* which indicates that each 
electron is in the state n = 1, Z = 0 (s-levels), while in the two next 
higher levels, one electron is in the state Is and the other in the state 
2s(n = 2, Z = 0). It will be observed that, for any given values of n, 
the level in the parhelium series has the numerically smaller value of the 
wave number. Consequently, the parhelium terms must correspond to 
the symmetrical eigenfunctions and the orthohelium terms to the anti- 
symmetrical eigenfunctions. 

The energy diagram also shows that the terms in the orthohelium 
series are actually triplets, whereas the corresponding terms in the par- 
helium series are ringlets. Thus, there are three levels in the ortho- 
helium series corresponding to the electron configuration ls2p (n = 1, 
Z = 0 for one electron, and n = 2, Z = 1 for the other electron). Two 
of these levels (column designated 3 P 2 , 1 ) are so close that it is im- 
possible to indicate them on the diagram as separate levels. 

In order to interpret the existence of multiplet levels such as those 
which occur in the case of helium, it has been found necessary to intro- 
duce the concept of electron spin. Since this concept and the related 
generalization, known as Pauli’s Exclusion Principle, are of funda- 
mental importance in quantum mechanics, we shall consider these 
topics in the following section. 

10.8 Electron Spin. Pauli’s Exclusion Principle. As shown in 
Chapter VII, the solution of the S. equation for the hydrogen atom leads 
to a number of eigenfunctions which require for their designation the 
three quantum numbers, n, I (where Z = n - 1, n - 2, . . . 0) and 
m (where m = ±Z, ±(Z — 1) . . .0). Since all the eigenfunctions for 
any given value of n have the same eigenvalue 


En^ 


ZV ^ 
2n*ao 


we derignate this state as degenerate. It was also shown that the 
degree of degeneracy for a given value of n is n*. 

For any given values of Z and m, the total angular momentum of the 
electron in its motion about the nucleus is given by 

M = VZ(Z-|-l)-;^» 
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while the component of this momentum about the Z-ana is 



In the presence of perturbing fields, such as those produced by the 
presence of other electrons in the atomic system, or by magnetic or 
electrostatic fields, the degeneracy may be removed either partly or even 
completely. Thus in the case of all the atomic systems for which 
Z > 1, the degeneracy with respect to f is removed, so that the states 
corresponding to different values of I, for the same value of n, have 
energy values which are no longer identical. These states are desig- 
nated spectroscopically by the symbols s (for I — 0), p (for I = 1), 
d (for I = 2), and so forth. 

The observations on the effect of magnetic fields on spectral lines 
(Paschen-Back Effect) show that in a magnetic field the total number 
of states corresponding to a given value of I is not 2i -f 1 as expected 
from the previous considerations but twice this number. Thus the 
maximum number of levels for a Is, 2s, or ns electron is 2, in spite of the 
fact that m can have only the single value 0. Similarly, for an np 
electron the maximum number of levels is 2(2 X 1 + 1) =6, and for 
an nd electron, 2(2 X 2 + 1) = 10. 

Formally, this may be accounted for, as first pointed out by Uhlen- 
bcck and Goudsmit, by the assumption of a spinning electron. The 
magnitude of the total angular momentum of spin is V s(s + 1) • h/ (2ir), 
where s designates the electron spin quantum number. The com- 
ponent of this momentum in any given direction is m, • {hJ2ic), where 

m, is a fourth quantum number, the value of which is either or 

1 

~ 2 - 

Thus any electron has assigned to it not only the three orbital quan- 
tum numbers n, I, m, but also a fourth number known as the magnetic 
quantum number m, (= ±f) which defines the component of angular 
momentum with respect to a given axis. 

By this theory it is possible to account not only for the observations 
on the effect of magnetic fields on spectral lines, but also for the existence 
of multiplet levels as deduced from the spectra of atomic systems 
containing more than one electron. 

For quantum mechanics the significance of these considerations is of 
importance because of Pauli’s Exclusion Principle, which may be 
emmeiated as follows: 

In any one atom there cannot exist two electrons having the four quantum 
numbers (n, 1, m, and m*), respectively, the same in both. 
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Thus, if for two electrons, rii = n 2 , l\ = ? 2 > = »* 2 > then m, can- 

not be identical for both, but must have the value for one and — ^ 
for the other electron. That is, two electrons which are identical with 
respect to each of the three “ orbital ” quantum numbers, must be anti- 
parallel with respect to the directions of the vectors which correspond 
to the spin momenta. 

Pauli’s principle is essentially the real justification for the scheme of 
electron distribution first suggested by E. C. Stoner and independently 
by J. D. Main-Smith in 1924. Assuming that the maximiuu number of 
electrons of any one type (s, p, d, etc.) which an atomic system may 
possess is given by the value of 2(21 + 1), it is possible to deduce the 
variation in electron distribution as electrons are added in succession 
to a nucleus of charge -f-Ze. On this basis an adequate interpretation 
has been obtained of the periodic arrangement of the elements and of 
the variation in the characteristics of their spectral terms. 

10.9 Multiplet Levels in Spectrum of Helium. From Pauli’s prin- 
ciple it follows that in the lowest electronic state (normal state) of the 
helirim atom, in which both electrons are in 1.9 states, the spins must be 
in opposite directions. Since the normal state belongs to the parhelium 
series, this argument is additional confirmation of the conclusion, stated 
in a previous section, that the parhelium states correspond to the 
symmetrical eigenfunctions. 

To account for the existence of multiplets it is necessary to intro- 
duce into the quantum mechanics formulation of the eigenfunctions 
the electron spin concept. The procedure used for this purpose is as 
follows:® 

It is assumed that corresponding to the electron-spin there exists 
an eigenfunction i^(s) which designates the orientation of the axis of 
spin in a magnetic field. For two electrons there will exist two such 
functions i^(si) and ^( 82 ), and consequently the complete spin function 
for such a system may be represented by any one of the combinations 
shown in the attached table. The first two columns give the values 
of m„ the third that of and the last col umn the corresponding 

combination. 





Eigenfunction 


h 

1 

= « 

i 

-h 

0 

iA(i)i#'(-i) = P 

-i 

h 

0 


-i 

-h 

-1 



*The following remarks are based upon the discussion in A, Sonunerfeld’s “Wave 
Mechanics,” pp. 231-233, 
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The eigenfunctions /3 and -y evidently represent a degenerate state, 
since they correspond to interchange of electrons, and we must therefore 
replace them for the perturbed state of the system by (j8 + 7)/V2 and 
(jS — 7)/\/2, The factor 1/V^ is introduced for the same reason 
as it was introduced in equations (31) and (32) for the orbital eigen- 
functions Fs and Fa- We thus obtmn three spin eigenfunctions which 
are symmetrical in the electron spins, viz. : 


«» 


(0 + 7) 

V2 


, and S, 


and one which is antisymmetrical, viz.: (0 — 7)/\/2. The first set 
give rise to triplet terms, for which the values of are 1, 0, and — 1, 
while the last function corresponds to the singlet term = 0. 

The complete eigenfunctions for the system of two electrons are ob- 
tained as the produds of orbital and spin functions. According to equa- 
tions (31) and (32), the orbital eigenfunctions are 


and 


Fs = (Fin + Fnl) = + », 

V2 


Fx = - 7 = (Fin - Fnl) =u-v. 
V2 


Hence, we obtain the following eight combinations of orbital and spin 
functions which we shall arrange in two sets: 


(A) (tt + p)a; 


(u + t>) (<3 + 7) 

V2 


(u + v)S; 


(u - v) (p - 7) 

V2 


(B) 


(u + t>) (g - 7) 

V2 


(u — v)a; 


(u - v) (fi + 7) 

V2 


(u — v)S. 


Group (A) evidently contains only symmetrical functions, while 
group (B) consists of the antisymmetrical functions. Now in the 
energy-level diagram for helium we observe that corresponding to a 
given value of n and a value of 1 > 0 for the excited state of one of the 
electrons, there are only four levels, three of which belong to the triplet 
(orthohelium) series and the other to the singlet (parhelium) series. As 
deduced previously, the latter corresponds to the fimction which is 
symmetrical in the orbital fimctions and antisymmetrical in the spin 
functions. This evidently means that the parhelium series corresponds 
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to the eigenfunction {u + «;) (jS — y)/2 and that the orthohelium series 
corresponds to the other three members of group (B). 

This conclusion may be stated in the following very significant 
generalization: The complete solution of the wave eqmtion for any atomic 
system must involve only that type of eigenfunction which is antisymmetrical, 
that is, changes sign when the electrons are interchanged. Evidently, 
this is the quantum mechanics interpretation of Pauli’s Exclusion 
Principle, and we shall find it extremely important in the consideration 
of valence problems. 

One other deduction which should be mentioned in this connection 
is the following: 

In absence of any interaction between the electron spins and the 
orbital motions, no transition can occur between a state corresponding 
to a symmetrical eigenfunction Fs and another state corresponding 
to an antisymmetrical function Fa- As shown in the energy-level 
diagram. Fig. 63, there is only one line (X591.6), and that a faint one, 
which corresponds to a transition between the ortho- and parhelium 
series. On the other hand, with atoms of higher nuclear charge, where 
there is interaction between the electron spin and the orbital motion, 
lines corresponding to transitions between singlet and triplet levels 
frequently occur. 
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11.1 Minimum Energy Principle. The Variation Theorem. The 

variational (or Ritz) method has been used extensively in classical 
physics, especially in the field of dynamics, where its application is at 
least as old as d^Alembert^s principle of virtual displacements. In 
Chapter IV this principle was discussed as well as the subsequently 
developed Hamilton's Principle, which was stated in the following 
form: 

For any dynamical path, the time integral of the function 
L = L{qiy t)y known as the Lagrangian or kinetic potential function, 
must be an extremum. The function L is defined by the relation 

L^T -Vy 


where T, the kinetic energy, is a quadratic function of the generalized 
velocities qi and t, while V, the potential energy, is a function of the 
generalized coordinates qi, 

Hamilton’s Principle can be expressed in the variational form 


j f^ti 

{T 

to 


(4.79) 


and, as may be shown by the methods of the calculus of variation, the 
conditions which must be satisfied in order that the integral in the last 
equation shall be an extremum are given by the / equations, one for 
each generalized coordinatCy of the form 


d / d/v\ dL ^ 

dt \dqi/ dqi 


«.36)i 


The last equation is known as Euler^s equation in the calculus of 
variation, and also as Lagrange^s equation in dynamics. It will be 
observed that in equation (4-79) the variation applies to a function L 
and not to a coordinate (as in ordinary calculus), and it is because of 
this generality that the criterion (4-36) has proved so extremely useful 
in solving many problems in classical dynamics. 

^ In most cases it will be found that the integral which satisfies the differential 
equation M.36) is a minimum. However, the proof of this conclusion would 
involve much more tedious mathematics. 
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It was therefore not unreasonable to expect that the method of 
variations would find equally important application in connection with 
the problems of quantiun mechanics. In fact, the most striking feature 
about the whole history of the development of theoretical physics during 
the past two hundred years has been the continuous extension of con- 
cepts. The experimental discoveries always seem to demand revolu- 
tionary changes in ideas and yet, when in the course of time these 
observations are arranged in a logical frame, it is found that many of 
the concepts held previously require only a slight modification, or ex- 
tension, in order to be able to reconcile them with the new facts. 

In the case of quantum mechanics it is readily shown that the S. 
equation is essentially the Euler differential equation which must be satis- 
fied in order that a certain definite integral (which corresponds to the 
total energy) shall be a minimum.® Hence, instead of attempting to 
solve the S. equation in a particularly difficult case, it may be much 
more feasible to introduce one or more arbitrary parameters into the 
expression for the corresponding variational integral. By investigating 
the effect of variations in the values of these parameters, on the value 
of the integral, it is then possible to determine a minimum value for 
the latter, that is, a minimum value for the eigenvalue which corre- 
sponds to the given S. equation for a particular energy state. 

Let us consider first the S. equation in the operator form 

H<l> = (^-^V^+Vy> = Eit>, ( 1 ) 


where a® = 8ir®MA®, and H, known as the Hamiltonian, designates the 
operator in the brackets. Multiplying both sides by ? and integrating 
over the configuration space, the result is 


^H^>dT — ^ ^E<t>dT ~ E 



where dr is the element of volume in this space. Hence, 



( 2 ) 


For normalized functions, the denominator in (2) is equal to unity, 
and E = J* ^H<l>dT, where ^ is an eigenfunction for the given S. equation. 

* This was pointed out by E. Schroedinger in his first paper on “ Quantization 
as an iSgenvalue Problem,” Ann. Physik, (41, 79, 361 (1926). 
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Suppose, however, that we do not know the exact form of ^ which 
should be used to solve equation (1). We may then make a more or 
less shrewd guess as to the form of the function. Let ^ designate this 
new function, and let 


and 


I — J* ^H^dr 
W = J" ^dr 


( 3 ) 


Then, as shown in the following section, the minimum value of I, 
which we shall denote by M, is always greater (more positive) than the 
true eigenvalue for the corresponding S. equation. That is. 


or 


J* ^Hxpdr 

A\ 

( 4 ) 

J* ifnl/dr 

^HxpdT — E j 

r> 

^dr ^ 0, 

( 5 ) 


For — 4>) the correct eigenfunction, the expression on the left-hand 
side of the last equation is equal to zero. 

To demonstrate the validity of (4) we proceed as follows;® 

It = M/N = minimum, then 


0 = = 5 


/M\ _ ^ _ 

\n) ~ N 






Hence, 
That is, 


dM - EP8N = 0. 


or 


f T — ^ ^ il^b^f^dr = 0, 

J (5j) {H - E^)i^dT + JHH - lP)b^dr = 0. 


( 6 ) 


Since 5^ is arbitrary, let us replace it by Hence, since ^ = | ^ 1^, 
a real function, we must replace ^ by — in order that the product 

® A proof of this theorem was first given by C. Eckart, Phys, Rev.^ 36, 878 (1930). 
For the proof given in the text the writer is indebted to Dr. F, Seitz. 

^ This part of the proof is taken from notes on lectures delivered by P. A. M. 
Dirac at Princeton University in 1931. 
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{—i^) {iS4>) shall be real. Consequently, (6) becomes 

-i f («^) (H - E°)idT + i Jhh - = 0. 

Dividing both terms by i, and comparing the resulting equation with 
(6), it follows that the latter can be valid only if each integral vanishes 
identicaUy.^ Hence, 

(H - = 0, (7) 

which shows that is an eigenvalue corresponding to the function 
These considerations show that the S. equation is the Euler condition 
which must be satisfied in order that the integral 7 in (3) shall be a 
minimum. The latter may also be expressed in another form, in which 
it has been used quite frequently by writers on quantum mechanics. 

Referring to equation (1), which is merely the S. equation, let us con- 
sider the case in which 0 as well as V are functions of the Cartesian co- 
ordinates X, 1 /, z, and 0 is a real function. (This limitation to real 
functions and rectangular coordinates simplifies the mathematics but 
does not detract from the general validity of the conclusions.) Then, 






But 


<t>d^4> d 
dx^ dx 


_ ^ I 

o? \dx^ dy^ 


dzy 




Hence, designating dxdydz by dv, 


where the limits of integration axe x - y = z = ±oo. Since 0 van- 
ishes at the limits of integration the expression in the brackets must 
be equal to zero. Hence, the integral to be minimized is 

^ “ sill (S) +(^) +(&)} + 

subject to the condition 4>^dv = 1. 

® An operator /3, such that is known as Hermitian or self-adjoint. 

Evidently R or (H — E) is an operator of this type. 
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That is, 


(where q denotes x, y, or 2) must be a minimum. 

Thus the S. equation is the differential equation which must be 
satisfied in order that the integral in equation (8) shall be a minimum. 

The form of this integral indicates a method by which equation (8) 
may be derived from the expression for E in the Hamiltonian form 


E = y^{vI + pI + pf) + y, 2)- 

In this relation let us replace p* by {h/%t) d 4 >fdx, and similarly for 
Py and p*. Then we obtain the relation 

(ST +(^T+(^y 


in which the expression in the brackets is identical with the first term 
in the integrand of equation (8). 

This may be extended to any system for which the total energy is 
expressed in the Hamiltonian form, that is, as a function of the / 
generalized coordinates 51 . . . g/, and canonically conjugated 
momenta pi . . . p/. 

Let 

E = H(p,-, g.) = r(g<, p,) + F(g,). 

Under these conditions the element of volume is given by 
dr = y/ji • dgi . . . dq/, 

where VA is known as the “ discriminant,”® and therefore the integral 
to be minimized is 




dr, 


( 9 ) 


with the condition that 


J* (fy^dr = ^sTA • dqi 


. dg/ = 1, 


where the integration is carried out over the whole configuration space. 

® This was discussed in Chapter VI in connection with the form of the Lapla* 
cian operator. The discriminant is thus identical in the case of three coordinates, 
with the magnitude Vaia 2 az used in equation (d.3). 
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Now in any treatise on the calculus of variation it is shown that, given 
a definite integral of the form 

the condition to be satisfied in order that this integral shall be a minimum 
is given by the Euler equation 



where <t>j = d4>/dqj, and i and j are any pair of the numbers 1, 2 . . 

If we apply this condition to the integral in (9) we obtain the S. 
equation 

where is the minimum value of / in (9) for a given form of <t>, and 
Aifc is a coefficient of the term involving d^ip/ (dqidqt,). 

Thus equation (10) leads to the expression for the Laplacian operator 
in the S. equation^ 

+iE- V)<t> = 0. 

OV IX 


As an illustration of the application of these equations, let us consider 
the problem of the linear harmonic oscillator, which was discussed in 
Chapter V. 

In terms of q, the displacement, and p, the corresponding momentum. 


E = Hip, q) 


p^ 

1 

2m 2 


Hence, the variational function is given by 




minimum — E, 


X OO 

4>^dq = 1 . 

•00 

^ See also £. U. Condon and P. M. Morse, Quantum Mechanics/’ Chapter I, 
and E. C. Kemble, Phys. Rev, Supyl., 1, 157 (1929), for more detailed discussion 
of this topic. 
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We can combine these two relations in the form, analogous to equa- 
tion (11), 

.(/ - E) - - »• 

Denoting the expression in the integrand by F(q, <l>, d<t>/dq), it is evi- 
dent, if we denote d<t>/dq by <t>q, that 

dF _ 2h^ M 
d4>q Sv^ii dq 

Hence, 


d (dF\_ 2h^ ^ 
dq \d<t)q) 8irV dq^ ’ 



and 

dfdF\ dF 2h\d^<t> / feg\ 

dq\d<l>q) d<l> StV dq^ \ 2 / 

= 0 if (/ — S) is to be a minimum. 

The right-hand expression in the last equation is obviously the same 
as the S. equation (5.5) for the linear harmonic oscillator. 

11.2 The Energy for the Normal State of the Helium Atom. In the 
previous chapter the energy of the normal state was calculated by use of 
the relation for the first-order perturbation energy. The value derived 
in this manner for the ionization potential of He was found to be 4.17 
volts too low. It will be shown in this section that by the use of the 
variational method it is possible to deduce a value which is much nearer 
to the spectroscopically correct value. 

As shown in equation (10.106) the S. equation for the system, in 
which the eigenvalue is expressed in terms of Hartree units, has the form 

+ Vi0 -1- 2(x + - + - - = 0. (12) 

\ (Ti <f2 <^ 12 / 

Let us assume a normalued solution of the form 

00 = 0(ffi) * 0(o'2) = ~ — • (13) 
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where /3 is a parameter which has to be determined from the condition 


f, - »■ <») 

Equation (13) means, physically, that we choose a solution in which 
the nuclear charge Ze is replaced by the effective charge ^Ze. 

For the state n = 1 of a hydrogen-like atom of charge fiZe, the S. 
equation has the form, as shown in Section 10.1, 

+ 2 = 0. (15) 


This leads to the eigenvalue 


X = 


> 

2 


and the eigenfunction 


^(<r) = 


V? 


(16) 


Thus, the suggestion of a solution of the form indicated in equation 
(13) may be interpreted thus: 

We regard the repulsive interaction of the electrons as equivalent in 
effect to a decreased force of attraction between each electron and the 
nucleus. That is, instead of regarding each electron as acted upon by a 
nuclear charge of magnitude Ze, we replace the latter by an effective 
charge of magnitude /3 • Ze, where |3 < 1. From this point of view 
we may also consider that each electron screens the other electron to 
some extent and hence we may designate (1 — 18 ) as the “ screening 
constant.”® 

The application of the principle of minimum energy leads to the 
relation 


J* <t>oH(i>odT = minimum = X® J'iPodr. 


(17) 


For X® expressed in Hartree units, the operator H is defined, in con- 
sequence of equation ( 12 ), by the relation (see Supplementary Note) 


H = - 




z 


<T2 



(18) 


*C. Eckart, Phys. Rev., 36, 878 (1930). 
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Hchcb 

H0O “ “I + <^(<ri)V*«^(<r2)] 

- [z (- + -)- —1^(<ri)<>(o-2). 
L Vl <^2/ <^12J 

But from equation (15) it is seen that 

and a similar relation applies to ^(<r 2 ). 

Therefore, 

<hH<t)o = |^(o’i)<^(<r2)| |— 

-z(i + -)+— }. 

\ffl (72/ <712J 


and 


where 


and 


J* 4>QH4t(Ar = JlH- <l2 + d^3» 

Jl = ^2(<ri)dTl J .<>2(.T2)dT2, 

J 2 = 2(j8 - 1) /*(— + — )0^(<7l)</>^((72)dTidT2, 

Vl <^2/ 

J 3 = /*— </>^(<ri)<^*(<72)dTl(iT2. 

J <712 


Since the functions are normalized, 

Jl = -fZ^. 

Since the integral J 2 must be symmetrical in <7i and (72, 

J 2 = 2Z08 — 1) <^^((72)dTldT2 

»/ O’! 

= 32Z(j8 - 1) • |8®Z« J* 6-2^^'1(7 i • d(7i J* 

= 2/3(/3 - 1)Z*. 


(19) 
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Also, from equations (J0.16) and (10.20) we obtain the relation 


Hence, 



T = Xo = Ji + J2+*^8 


= Z 2|_^2 4 . 2/308 - 1 )+^|- 

For Z = 2, 

and 

( 20 ) 

Equation (20) gives X°, the value of the energy in Hartree units, as a 
function of the parameter /S. This will be a minimum for the value of j8 
determined by the condition 


dj3 



= 0. 


That is, 0 

from which we obtain for the value of E®, the energy in ordinary units, 
the relation 


= 2RchZ^^ (fi - ^ 

^ 72QRchZ^ 

512 


(21 1 


This represents the energy of formation of He from the two electrons 
and a nucleus of charge Ze. Hence, the ionization potential of the 
helium atom is given by 

= Mi X 4 X 13.53 volts 


= 22.94 volts. 
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It will be observed that this value is 1.53 volts less than the observed 
value ( 24.47 volts), whereas the first-order perturbation relation leads 
to a discrepancy of 4.17 volts. * 

The value P = means that the effective nuclear charge is 
in units of e (the charge on the electron), and that consequently the 
interaction of the electrons is equivalent to a decrease of units in the 
nuclear charge. 

Instead of the form assumed for the function in the preceding 
discussion it is obviously possible to find other forms which lead to 
minima that approach the true value more closely. A number of 
theoretical physicists have attacked this problem by more involved 
mathematical methods,® and of these the most successful results have 
been obtained by E. A. Hylleraas.*® 

The method used by him involves the choice of a system of coordinates 
which has also proved suitable for other problems in quantum 
mechanics. For this reason a summary is given in the following section 
of his technic. 

11.3 Variational Method of Hylleraas. In the following section 
we shall replace vi, o-2» and <ri2 by ri, r2, and ri2, respectively. In terms 
of these coordinates the element of volume is derived as follows. Let 
ri, j/, f denote the polar coordinates of the first electron, and r2, 6, x, 
those of the second referred to the vector ri as polar axis. The angle 
between ri and r2 is given by 9 , and hence 

ri2 = ^ ~ 2rir2 cos 0, 

so that 

ri2dri2 = rir2 sin 6dd. 

The element of volume is given by 

dr = rl sin 6 dr2d8dx ’ rf sin i/dridijdf 
= rir2ri2dridr2dri2dx • sin 

For spherically symmetrical distributions, we may replace d/ by 
the element of volume 

niT p2rr n2ir 

dr = rir2ri2dridr2dri2 I sin rfdr) I dx I df 

Jo Jo Jo 

= • rir2ri2dridr2dri2. ( 22 ) 

® A list of the variational functions used and of the values of E calculated by 
each of these methods is given by L. Pauling and E. B. Wilson, Introduction 
to Quantum Mechanics,” p. 224. 

A. Hylleraas, Z. Physikf 64, 347 (1929); see also ibid., 48, 469 (1928); 
66,209 (1930). 
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Now let US introduce the sonsalled elliptical ” co5rdinates 


, s = ri + r 2 , 

(23) 

« = n - rg, 

(24) 

and let 

II 

(25) 

Since 4rir2 - «* — <*, 

dr = 2ir®(s® — t^)u • du • dr\dT 2 . 

(26) 


In order to express the element of area dridr 2 in terms ot ds • dt we 
make use of the following relation between these elements (which is 
derived in any treatise on integral calculus) 


\3ri dr2 


dr2 


ds\ 

‘drj 


dridr 2 — ds • dt. 


(27) 


From the functional relations between «, t, r\, and r 2 in equations 
(23) and (24) it is evident that 


j. SL — 

dri ’ dvi ’ dr2 ’ dr2 
Consequently (27) becomes 

2dridr2 = ds -dt, 

and (26) becomes 

dr = 7r*(s* — t^)u • du’ ds • dt. 

The limits of integration are evidently 

— M ^ t ^ u, 

0 ^ < S ^ 00. 


= - 1 . 


(28) 


Let <l>(s, t, u) denote some function of the coordinates. This will be a 
solution of the S. equation (12) if the following condition is satisfied. 


/ = — J <t>H<l>dT = minimum = X, 

where 

N =f 4?dr. 

The Hamiltonian operator has the form 

H = + Vi) + V, 

The expression in the parentheses is known as a Jacobian. 
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where 


V 


\ri r2 



By application of Green’s theorem, the expression 
<I>H<I> — — 


(29) 

(30) 


can be transformed into a form more suitable for integration. This 
theorem (see Appendix IV) states that, if 17 is a function of the rec- 
tangular coordinates x, y, z, then 


fffu^^u^m +///{(f y+ (f y+ (f)i 


where dU/dn is the rate of change of U along the normal at any point 
on a surface described in the configuration space, and ds is an element of 
area on this surface. If the integration indicated in the first two in- 
tegrals is carried out over the whole configuration space (that is, with the 
limits X = y = z — ±oo), the values of U and dU I dn on the surface 
described at these limits must vanish, if t/ is a solution of the S. equa- 
tion. Also the integrand in the second term of this equation is evidently 
equal to (dU/dn)^, that is, to the square of the gradient along the 
diagonal of the element of volume dxdydz. Hence, we can express 
equation (31) in the form 

juv^Udxdydz = -f {er&dU)^dxdydz, (32) 

where the limits of integration are* = j/ = z= ±oo. 

In the case of the function ^(rx, r 2 , ri 2 ), 
r? = + y? + z?, 

ri = *1 + yi + zi, 

and rfj = (xi - X 2 )^ + (yi - ya)® + (zi - Z 2 )®, 

where Xij/iZi are the coordinates of the first electron and X 2 y 2 ^ refer 
to the second electron. 

dxi dri dxi dri2 dxi 


dd) Xi , dip Xi — X2 

— 1 

dn n dnz nz 
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Hence, for the first electron 

I [ 2xi(a?i - X 2 ) 

\dri) '^\3ri2/ dri dri 2 \ riri 2 

, ^ViiVi — 1/2) + 2gi(gi — ^2) ] 

riri2 J 

— Y I / Y I — • , 

"" Wi/ ^ W12/ ^ 3 ri ‘ dri2 ‘ riri2 

and a similar expression may be derived for (grad2<#>)^, which refers 
to the second electron. 

In terms of the variables s, i, u, 

d<l> d<l> ds d<j> ^ d(t> ^ d<l> 
dvi ds dvi dt dvi ds dt 

dif} d<l> d4> ^ 

^ ” ds dt' 


d<l} d<i> 

dri 2 du 


Hence, 


o /dA* /30V , «/30V 

(gradi0)* + (grad20)2 = + 2(^— j + 2(^^j 


+ 


u{s^ — r) 


( 33 ) 

dt^L dtj 

Combining equations (30) and (32) the integral to be min i m ized 
has the form 

j* 4 >H^t j* i{(gradi0)* + (grad20)*}dT + j*V<t>’‘dT 

J ii>Hr Ji>^dr 

where dr = dxdydz. 
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According to equation (29), V is given by the relation 



ri ra nz 

^Zus — 
m(s^ — t^) 


(35) 


From equations (33), (34), and (35) it follows that the integral to be 
minimized has the form 


II 

1 

II 

(36) 

where X is the eigenvalue which appears in (12) and (17). 


^ [(ST + (ST 

+ 


(37) 

L = r ds f du f dt4>^{4tZm — 

Jo Jo Jo 

(38) 

and N — f ds f du f dtu{s^ — 

Jo Jo Jo 

(39) 

Owing to the fact that 0^(s, t, u) = —t,u), and t, u) = 

<t>H4>{s, —t, u), the limits of integration have been taken as 
00 , and this leads to the elimination of a factor 2 
in the expressions for M, L, and N. 

Equation (36) may be written in the form 

09 

1 

1 

v.-x 

II 

o 

(40) 

indicating that the expression in the brackets is to be a minimum. 

We now have to consider different forms of the expression for 0, and 
the simplest form is that chosen in the previous section, viz , : 


(41) 


where, for the present, the normalization factor may be omitted, and k 
is a parameter, the value of which has to be determined from the con- 
dition (40). 
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£i.f‘du£udi(i‘ - f) - X"*!** • - 1) 

f ds f du f dt{iZtis — 8 ® + t^) 

Jo Jo Jo 

= J'dsJ' dii|(4ZMS — s®)u + ^| 


^ = — = 0 
at du ’ 


equation (40) reduces to 


f4sV<^V 5\ .2 


<l>^ = 0. 


The Euler equation which this variation problem must satisfy is 
d dF dF „ 


where F denotes the function in the large brackets in equation (42). 
Since 

dF _8s^ ^ 

/d6\ ~ 15 ‘ds 


/ d<^\ 15 ds 

^ \ds/ 

d4> ^ \3 12 "^ 15 A’ 


therefore the Euler condition (43) corresponds to the differential equa- 
tion 


15 ds^ 3 ds 




_6 

12 '*’ 15> 
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That is, 


d^il> , 5 d4> 


+ -^+ X + 


ds^ s ds 


/ , 5Z 25\ 


which is the corresponding S. equation. 

Substituting for ^ from equation (41), the result is 


S 8 168 


Since this relation must be valid for all values of s, we must have the 
following two relations: 

k — Z ^ since ^ “ 2 

and X = —k^= — (-fj)*. 

Hence, 

E = \- 2Iich 


and 


= - muchz^ 

0 — « 


which is the same form as equation (14), except for the normalization 
factor. 

As mentioned previously, the value thus derived for F„ the ionization 
energy of the helium atom, is 1.53 volts less than the observed value. 
This difference is due to the fact that the assumed eigenfunction leads to 
a distribution function for each electron in which the repulsive force 
between the electrons is not taken into account to a sufficient extent. 
The electrons do not move independently, and actually there must exist 
a high degree of improbability for the simultaneous occurrence of the two 
electrons in adjacent regions in the three-dimensional space. This 
phenomenon gives rise to an energy term which E. Wigner and F. Seitz 
have deagnated as correlation energy. 

In order to take this into account it is necessary to use functions which 
involve both t and u as variables. These functions should exhibit 
minima in the re^on u = 0 and t very large. Thus the next approxi- 
mation used by Hylleraas has the form 

0 = e'"**(l -f oi« -f- 02<^), 

where fc, oi, and 02 are variable parameters which must satisfy the three 
conditions 

dk dai da2 
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This yields a value for Vi which is only 0.033 volt less than the 
observed value. 

The next approximation is obtained by means of the function 
^ = «""**(! + diu + "t" 038 ■}■ ®4S* 0,6^^)) 


which reduces the difference to 0.0115 volt. 

To obtmn the most accurate approximate, Hylleraas has used the 
function 

^ € ^’P(S, t, u), 

where P “ 

n.2.m 

that is, where is expressed as a series of terms in powers of s, t, and u. 
Under these conditions it is necessary to solve a number of equations 
of the form 

-^‘ 0 - 

dAn,l,m 

By using a polynomial with fourteen terms, a value was deduced for 
Vi which is within 0.0016 volt of the spectroscopic. 

11.4 The Problem of the Many-Electron Atom. The discussion 
in the previous sections indicates that, even in the case of the two- 
electron system, the problem of solving the S. equation involves a great 
deal of tedious calculation, if results of any considerable degree of 
accuracy are required. It is obvious that the difficulties encountered 
in solving the corresponding equation in the case of the many-electron 
atom must be even greater. In the following section some of the more 
outstanding methods which have been developed for the solution of this 
very complex problem are described quite briefly. The reader who 
desires to follow up this aspect of quantum mechanics will find more 
complete details in the references given at the end of the chapter. 

In any atomic system we may divide the electrons into two classes: 
(1) those in “ inner shells,” and (2) those in the outer shell, or valence 
group. It is only the latter which we need to consider, in general, in 
calculating the enei^ of the system, or the mode of interaction of one 
atom with other atoms. 

For these electrons we can apply the variational principle in the form 




where JS® is the zero-order eigenvalue expressed in ordinary units. 
The Hamiltonian operator for an atom with N valence electrons has the 
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form 



(44) 


where a® = Srr^n/h^, and the prime over the last summation indicates 
that the combination i, j is taken only for values of j > i. 

The number of terms in this summation is equal to the number of 
combinations of N things, taken two at a time, that is. 


CiiN) = 


m 

(N - 2)!2! ■ 


For the case N = 2, the last equation evidently becomes identical with 
equation (fO.lOo). If the “ perturbation ” terms in l/r,/ were absent, 
the solution would be the product of N eigenfunctions, one for each 
electron. Hence, the important problem in the solution of equation 
(44) is that of taking into account the repulsive forces between the 
electrons. In order to realize better the conditions which must be 
satisfied by any distribution function which shall adequately represent 
the behavior of the electrons in the system, it is necessary to consider 
more fully the significance of the terms in the expression for H. 

This may be separated into two parts: one corresponding to the 
kinetic energies of the particles, and the other representing the potential 
energy function. These are given by the relations 



T=-X\^l 

7a 

(45) 

and 

F = X^‘ + 2“’ 

i i.j 

(46) 

where 

Vi 


As in section 7.8, the mean value of the kinetic energy may be written 
in the form 


f = J 



* ^2 J* 1 grad< 0 pdTi, 

(47) 

and the mean value of F is given by 



f = J UI^Fdr. 

(48) 
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The latter integral may be regarded as the classical potential energy 
of the charge distribution p = 1 0 in the potential field V in the con- 
figuration space of 3JV dimensions. 

Since the integral in (48) is negative in the case of stable states of 
atomic systems, the mean value of V is always negative, while that of 
T is positive. In order to obtain a minimum value (that is, a maximum 
negative value) for E, the total energy, it is therefore necessary to 
obtain such a representation for | <^ P as will give a minimum value 
for T and maximum negative value for 

Now we can make f very small, by choosing such a form for <l> as 
will make each of the functions 1 gradt<^ |* quite small. This means 
that 0 changes only slowly with variation in the coordinate variables, 
and therefore the distribution is spread out over a large re^on. The 
same conclusion is also evident from the point of view of the Principle 
of Indeterminacy. A high degree of uncertainty in the position of a 
particle corresponds to a fairly definite knowledge of the momentum 
of the particle. But such a distribution will overemphasize the effect 
of large values of r,- in the expression for V, with the result that the latter 
will not have as large a negative value as it should have. C!onsequently 
E will not be as negative as possible. 

On the other hand, if the electrons are localized to any extent, this 
must correspond to very high rates of change in 0 with variation in the 
coordinates. That is, T is increased enormously, while f is made 
highly negative by letting | 4> have very large values in regions where 
r,- is small. This conclusion also follows from a consideration of the 
Principle of Indeterminacy, since precise knowledge of position can 
occur only if the momentum can vary over an extremely large range. 

When we consider the effect of the terms, it is evident from 
equation (46) that, if the electrons are localized in adjacent regions 
(for which r,-,- is very small), the resulting value of V is made more 
positive, and E must therefore become more positive. Consequently, 
it is necessary to choose such a form for as will make the terms in- 
volving 1 /r,j as small as possible. That is, the best form of distribution 
function will be that which represents each electron as tending to avoid 
the particular region in which any other electron is present. 

These remarks are equally valid in the quantum mechanics considera- 
tion of the problems of molecule formation and of the solid state. It is 
the necesaty for satisfying apparently opposing conditions that makes 
the actual solution of the S. equation difficult in most of the cases which 
are of practical interest. 

Of the methods which have been developed for treating the problem 
of the many-electron atom, that of the self-conastent field developed by 
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D. K. Hartree** and that involving antisymmetrical functions utilized by 
J. C. Slater^® are the most important. 

11.6 The Method of the Self-Consistent Field. The eigenfunction 
for the atomic system is represented as a product of single-electron 
eigenfunctions. These are obtained by a method which may be de- 
scribed best by considering its application in the case of the helium 
atom.^^ 

Let us assume that the potential energy function can be expressed as 
the sum of two terms in the form 

V = Fi(ri) + Fa(r2), 

where Vi is a function of n, di, and )jii the coordinates of one electron, 
and V 2 is a function of the coordinates of the second electron. From 
a knowledge of these functions it should be possible to determine the 
eigenfunction for the system as the product to two single-electron 
functions <l>i{ri) and ^ 2 (^ 2 )- But, in that case, the potential field 
effective for electron 1 is given (in Hartree units) by 

Fi(ri) = - + f\ «2(r2) ?—* (49) 

ri J rz 

where the first term represents the attraction due to the nucleus, and the 
second term, the repulsion due to the averaged charge distribution for 
electron 2. 

That is, it is possible to calculate Fi(ri) by utilizing a plausible form 
for <i> 2 ir 2 )- But, Fi(ri) having been determined, it is possible to solve 
the S. equation 

(r,) -f {El - Fx (ri)}^i (n) = 0 (50) 

for the function <i>i{ri). This can then be inserted in an equation 
similar to (49) for the determination of F 2 (r 2 ), and gives the average 
potential field effective for electron 2. The function thus obtained 
can be inserted in a S. equation similar to (60) for the determination 
*hii' 2 )- The form of the function derived by this procedure should 
agree with that assumed in solving equation (49). From the extent 
to which this agreement is actually obtained by a first trial form for 
(hirz), it is possible to decide upon an improved form for the function, 
and the procedure is then repeated with the latter. This explains the 

**D. R. Hartree, Proc. Cambridge Phil. Soc., 24 , 89, 111, 426 (1928), and sub- 
sequent papers in Proc. Roy. Soc. (London), A. 

“ J. C. Slater, Phys. Rev., 84 , 1293 (1929). 

“ This illustration is given by N. F. Mott, “ Wave Mechanics,” p. 120. See 
also H. Bethe, “ Handbuch der Physik,” XXIV/1, pp. 368-371. 
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reason for designating Hartree’s method as that of self-consistent 
field. 

V. Fock has shown^*^ that if, in the general case, a product function 
4> “ • • • <l>n{^n) 


is chosen and the functions 4>i(ri), etc., are varied individually to 


obtain the minimum value of the variational 


integral J* <l>H<l)dT, 


then 


the same single-electron functions are derived as by the application of 
Hartree’s method. 

J. C. Slater^® has also examined Hartree’s method critically as to its 
accuracy as a method of solving the S. equation and has pointed out the 
conditions under which the eigenfunctions and energy values thus de- 
duced might deviate to a considerable extent from the correct values. 
However, he has also shown'^ that in the case of the normal helium atom 
the method yields an electron distribution function which agrees well 
with that derived independently by Hartree and an ionization energy 
which is within 1 per cent of the observed value. Furthermore, Hartree 
and his associates have applied the method to calculate distribution 
functions for electrons in more complex atoms and have obtained results 
which are in satisfactory agreement with deductions from observations 
on the scattering of X-rays and of electrons by atoms. 

11.6 Slater’s Treatment of the Many-Electron Problem. In accord- 
ance with Pauli’s Exclusion Principle the complete eigenfunction for any 
atomic or molecular system must be antisymmetric. Consequently 
Hartree’s function is not quite satisfactory. However, Slater has 
shown that an antisymmetric function may be built up out of single- 
electron functions in the following manner. 

Let (pmixi, yi, Zi) denote the eigenfunction for the electron having the 
quantum numbers n,-, f,-. Mi and the coordinates of position Xi, yi, Zi. 
The spin function will be designated by a,(w,), where «,• may have the 
values ±(|)/i/(2x-). The complete eigenfunction is given by 


u(ni/xi) = Vi, Zr) • 


where n,- designates the four quantum numbers n, I, m, and m„ and 
Xi designates the four coordinates, three of position and one of spin. 

A Hartree function would be obtained by taking the product of similar 

^ Z. Physik, 61, 126 (1930). See also Pauling and Wilson, “ Quantum 
Mechanics/' p. 262. 

“ Phya. Rev., 32, 339 (1928). 

Phya. Rev., 82, 349 (1928). 
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functions for each of the N electrons in the system. This would have the 
form 

«(ni/«i) u(n2/x2) . . 

and it satisfies the S. equation approximately. This, however, does not 
satisfy the exclusion principle. As Slater points out, “To build 
up an antisymmetric solution, we first note that we still have an ap- 
proximate solution, connected with the same energy value, if we inter- 
change any two ®’s, obtaining for example u(ni/x 2 ) u{n 2 /xi) . . . 
uinii/xn). We still have an approximation with the same energy if 
we make a linear combination of any such solutions. Then we can 
make the one possible combination which is antisymmetric, and it will 
both satisfy the exclusion principle, and will be an approximate solution 
of Schrodinger’s equation.” 

This combination is written by Slater in the form of the determinant: 

u{nijx\) u{nijx2) . . .u{ni/xjf) 

1 u(n2/xi) u(n2/x2) . . . m(« 2 /*jv) 



u(nif/xi) u{nn/x2). . .u(ntf/xN) 

where 1 /Vl^ is the normalizing factor, if each of the individual func- 
tions is normalized. 

It is obviously antisymmetric, for interchanging, say, xi and X 2 
interchanges two columns of the determinant, which by a familiar 
property merely changes the sign. It can be shown that it is the only 
antisymmetric combination of these functions, and it leads at once to 
the familiar interpretation of the exclusion principle. For, if two of the 
functions had the same quantum numbers (say wi = n2 symbolizing 
equality of the four quantum numbers), then the corresponding rows 
of the determinant would be identical [since they contain the functions 
tt(ni/xi) = u{n2/xi) = u{n2/x2), etc.], and by another familiar rule 
the determinant would vanish. Thus, there is no solution correspond- 
ing to the case where two electrons have the same set of quantum 
numbers. Further, the determinant treats all electrons alike; hence we 
cannot count as separate two states which differ only by the inter- 
change of the quantum niunbers of two electrons. Our exclusion 
principle then coincides with the one previously described. 

The Slater determinant can also be written in the form 

^ • ■ • u{ntr/xif), ( 52 ) 

vNl p 

in which P denotes any permutation of the electron coordinates, and 
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(— 1)^ = +1 when P is even, that is, is equivalent to an even number 
of interchanges, while (— 1)^ = — 1, when P is odd. 

As Pauling and Wilson observe,^® “ The function d>o takes care of the 
degeneracy due to the iVl possible distributions of the N electrons in a 
fixed set of N functions, u. There still remains another type of de- 
generacy, due to the possibility of there being more than one set of 
spin-orbit functions corresponding to the same unperturbed energy.” 
For these cases, a Slater determinant has to be set up for each set of 
spin coordinates, and the complete eigenfunction will be represented 
by the sum of two or more Slater determinants. The energy values are 
then obtained by solving a secular equation. 

Returning to the case in which only one Slater determinant is re- 
quired, the energy is given by the relation 



<l>oH4>odTdu, 


(53) 


where dr is the element of configuration space and du that of spin space. 
Assuming no interaction between spin and orbital functions, the last 
integral can be written as the product of two integrals, one involving 
dr, the other du. Let a,(w,) denote the function for one direction of 
spin, and /3,(w<) that for the opposite direction. Then we have the 
relations 


J * af = J * = 

J* a,(wi)/3,(w,)dw,- = 0. 


(54) 


In the case of the integral in (53) it is evident, since H does not 
operate on the spin functions, that the spin functions will occur as 
of or 0^. Consequently, the integral involving da is equal to unity, 
and we need to consider only the integral over the configuration space. 


Now let us consider the integral J* This may also be written 


in the form 


BP — 2 ^ (^(,V^<l>odT -|- J* V I ^0 


(55) 


Since each eigenfunction is the solution of a S. equation of the form 

+ (Ei - Ff)ui = 0, 

or 


** Introduction to Quantum Mechanics/' p. 233. 
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the first integral in (55) can be reduced to the sum of a series of integrals 

each of which is equal to Ei — fu^idn. 

The second integral in (55) will consist of two types of terms of 
which the first has the form 


</l2 = 


'{u{ni/xx)Y {u{n2/x2)Y 


dT\dT%, 


and the second has the form 


■*«(ni/a:i) «(n2/x2) u{n\/x2) uin^/xi) 


dTidr2^ (57 ) 


The integral J 12 represents the Coulomb interaction, while K 12 cor- 
responds to exchange interaction. It is evident that these exchange 
integrals are not due to any new type of interaction between the elec- 
trons, but arise from the fact that <l>o is expressed in the form of a 
determinant. 

As mentioned already, the degenerate case requires, for the complete 
solution, a number of determinantal functions, each corresponding to 
a definite set of spin functions. Let <i>a> <!>&>••• designate these func- 
tions. It is then necessary to solve a secular equation of which the 
matrix elements have the form 

<t>aH<t>S — SafiE, 

where Sap = 1 or 0. 

The actual computation of the energy levels in any given case is quite 
tedious, and, in view of the fact that complete details and illustra- 
tions of such calculations are given both by Slater and by Pauling and 
Wilson, it has not been considered necessary to discuss this topic at 
further length in the present connection. Moreover, there will be given 
in a subsequent chapter a calculation, based on the same methods, of 
the energy of interaction of two or more atoms, which will also serve to 
illustrate the principles involved. 

In concluding this brief summary of the methods which have been 
used for solving the problems of many-electron atoms mention should 
be made of the modification of Slater’s method introduced by V. Fock,*® 
and of the publications by J. E. Lennard-Jones®° in which the methods 
of the perturbation theory are applied. 

“Z. Physik, 61, 126 (1930). 

^Proc. Roy. Soc. tLondon), A129, 598 (1930), and Proc. Cambridge PkU. Soc., 
27, 469 (1931). 
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In a more recent paper by P. M. Morse, L. A. Young, and E. S. 
Haurwitz®* the variational method has been applied to calculate energy 
leveb for a number of the simple atoms (He, Li, Be, B, C, N, 0, F, Ne, 
Na, and Mg). The forms of single-electron functions used are as 
follows: 


Is . . 


-(#- 

28 . . 

.it 2 (r) 


2p. . 




04(0 

= sin e 




The constant A i 

s fixed i 

30 that 02 is orthogonal to oi. Its value is 


given in terms of the two parameters a and b, and iV is a normalizing 
factor which is also a function of o and b, “ The parameter m is a scale 
factor, whose best value can be determined analytically, leaving but three 
parameters to be determined numerically." These parameters a, b, 
and c are then determined from the conditions 

0 

da db dc * 

which lead to minimum values for E. 

Tables are given in the original paper for the calculation of the cor- 
responding Coulomb and exchange terms, thus facilitating the cal- 
culation for any given electron configuration, when spin degeneracy is 
not taken into account. For calculating multiplet levels it is therefore 
necessary to form linear combinations of Slater determinants as men- 
tioned in a previous section. 


“PAy«.«e».,48,948 (1986). 



SUPPLEMENTARY NOTE 1 

THE EXPRESSION FOR THE OPERATOR H IN ATOMIC UNITS 

For an atomic system of nuclear charge Z and N valence electrons, 
the S. equation in terms of atomic units has the form, which is analogous 
to equation (12), 

^ + 2 (x + %- - = 0, 

i ^ i t,j 


where the summation symbols have the same significance as in equa- 
tion (44). 

Since the eigenvalue X for this system must satisfy the condition 


J*^H<t>dT = X ^<t>dT, 


it follows that the Hamiltonian operator is given, in terms of atomic 
units, by the relation 


1 ^ 

H--52 



Thus the introduction of the factor ^ in equation (30) is due to the 
particular choice of units in which the energy is expressed. 


COLLATERAL READING 

1. For discussion of the variational method see the following: 

Bethb, H., “ Handbuch der Physik,^' XXIV /I, p. 354. 

Pauling, L., and Wilson, E. B., Introduction to Quantum Mechanics/' 
Chapter VII. 

2. The problem of the many-electron atom; 

Pauling, L., and Wilson, E. B., Chapter IX. 

Slater, J. C., Phya. Rev., 34, 1293 (1929). 
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CHAPTER XII 

THE HYDROGEN MOLECULE 


12.1 Heitler-London Method. The problem of determining the 
solution of the S. equation for the helium atom is a limiting case of 
the problem which is presented by the hydrogen moleciile. If in the 
latter we permit the two nuclei to approach until they coalesce, we ob- 
viously obtain the same system as that of the helium atom. Conse- 
quently, we expect to find in the solution of the S. equation for the 
hydrogen molecule certain similarities with the results obtained in the 
previous chapter. However, there is one feature of the hydrogen mole- 
cule which is of extreme importance, and which does not occur in the 
case of the helium atom. This concerns the interpretation of the 
valence bond, which, on the basis of the Lewis-Langmuir theory, is 
regarded as due to the sharing of two electrons between the two hydro- 
gen nuclei. The first successful application of quantum mechanics 
to the solution of the problem of the hydrogen molecule was made by 
W. Heitler and F. London,^ and although subsequent investigators 
I have developed methods of attacking the 

problem by which more accurate results have 
been obtained, we shall find it advantageous 
to discuss the Heitler-London (HL) theory in 
some detail before descri))ing some of the 
other methods. 

We consider a system consisting of two 
nuclei A and B, and two electrons 1 and 2, 
as indicated in Fig. 54. In the unperturbed 
state, where the two atoms are quite separate, 
it is obvious that the energy E = 2£'o; where 
Eq is the energy of the hydrogen atom in the 
normal state, as given in Chapter VII. For electron 1 attached to 
nucleus A and electron 2 to nucleus B, the eigenfunction is given by 

01 = ua{1)u^{2), ( 1 ) 

^ Heitler and London, Z, Physiky 44, 455 (1927). 

310 



Fig. 54. Illustrating nota- 
tion used in formulating 
potential energy function 
for interaction of two hy- 
drogen atoms. 
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where 


ttA(l) = 


1 

-7= -e “0 
Vira^ 



( 2 ) 


and rAi and rB 2 refer to distances indicated in Fig. 54. 

But corresponding to the same energy 2Eo, it is also possible to have 
the eigenfunction obtained by interchanging the electrons, that is, 

<t>2 == 'W-a(2)%(1) (3) 

1 


Consequently, the system is degenerate and the zero-order eigen- 
function should be represented, as in the case of the excited helium atom, 
by the two linear combinations 

== a<l>i + (5) 

( 6 ) 


where a, ?>, c, and d are constants. 

The eigenfunctions representing to first-order perturbation terins, 
the perturbed state, that is, the state in which the two atoms are inter- 
acting, will be given by 


^0 = <^2 + i'oc> 

(7) 

and 


II 

+ 

(8) 

while the corresponding eigenvalues will be 


Ea = 2Eo + ria, 

(9) 

and 


Ep = 2Eo + ijjj. 

(10) 


These will represent the eigenfunctions and eigenvalues corresponding 
to the S. equation: 

ViV + vl,l, + K [E - Vo + + vf + vf + V^] « = 0, (llo) 

or 

H(l> ^ E<t>, ( 11 ^) 
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where the operator H is defined by the relation 



H = 

- i (V? + Vi) + Vo- +vi + v? + F^) 

> (12) 

and 

QO 

II 




c® e* 

K ri2 

> • 

(13) 


2 2 2 2 
jrA ^ T7® ^ t/B ___ ^ TrA ^ 

“ fAl ’ ~ rB2 ~ Tbi ^2 - 



The suffixes on the Laplacian operators refer to electrons 1 and 2. 
Since <j>a and <f>p must be orthonormaUzed functions, it follows that 


J {<t>l?d0idV2 = f (<l>$fdVidV2 = 1, 


(14) 

and 

J* <i>l4>$dvidv2 = 0, 


(16) 

where the integration is carried out over the whole configuration space 
for each electron. 

By substituting in these last two equations from equations (5) and (6), 
it follows that 

a^ + b^ + 2abS^ = 1, (16) 


c® + d® + 2cdS^ = 1, 


(17) 

where 

(zc ”1“ "h 4“ bc)S^ = 0; 


(18) 






= j* ttA(l)«B(2)«A(2)«B(l)dM«'2. 


(19) 

Now it is evident that for R — <*, that is, for the unpertmbed state, 
5 = 0, since either 4>i or 02 represents the two separate atoms. On the 


other hand, for R — 0,aa mentioned already, the system becomes identi- 
cal with that of the normal helium atom, for which 

=y*|M(l)w(2)| dvidv2 = 1. 
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Hence, in the case of the hydrogen molecule, 1 > S > 0, and since 
in the case of helium, the zero-order eigenfunctions for the excited 
states are 

4 = ;^|«„(1)«™(2) + m„(2)m„(1)|, 
and 


\/2 




we assume a = 5. The validity of this assumption will be justified by 
the resulting deductions. 

From equation (16) it follows that 


1 

\/2(l + S^) ' 


( 20 ) 


Also, from equation (18), it follows that 

6(c + d) (1 + S^) = 0. 

Since 

b ^ 0 and ^ — 1, c = — d. 


Hence, by substituting in equation (17), we deduce the result 

1 -1 

® “ V2(l - ^ ~ V2(l - 5=^) ' 

so that the orthonormalized functions are as follows : 

*" ~ V2(l + S^) 

It is seen that <t>a is a symmetrical, and <t>ff an antisymmefrical, function. 
By direct substitution of these relations in equations (14) and (15) 
it is readily shown that the latter conditions are satisfied, so that equa- 
tions (22) and (23) represent orthogonal and normalized functions. 
Prom symmetry considerations it is also evident that 

^MA(l)MB(l)d9i = j* Ux{2)Us{2)dl)2 = S. 


( 21 ) 

( 22 ) 

(23) 


(24) 
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Furthermore, these four eigenfunctions satisfy the four S. equations: 


v2«a(1) + k(Eo + F^)ma(I) = 0 
V*ub(2) + k{Eo + Ff )mb(2) = 0 
V^wbCD + k(Eo + Ff)uB(l) = 0 • 
and 

v2«a(2) + k(Eo + F^)«a(2) = 0 

Hence, 

= ttA(l)vV(2) + mb(2)F*«a(1) 
= -k(2Eo + V^ + V^)4>i, 


(25) 


(26) 


VV 2 = —k(2Eq + V 2 + Vf)<t>2, (27) 

F*(^i + <h;) + x{^Eo(<l>i + 02) + (Ff + F®)^! 

+ (F^+F?)^2} =0. (28) 


Now if <i>ct is a solution of the S. equation (11a), then, by substituting 
from equations (7) and (22), we obtain the equation 

V^(<^>i + <^ 2 ) + k{2Eq + % — Fq + Ff + Ff + F? + F 2 ) 

(01 + 02 ) + {vVa + k(2Eo + - Fo + Ft 

+ F? + F? + Ft)0„} = 0. (29) 

From (29) and (28) it follows that 

v^2 + 2<S® {vVa + k( 2®0 + l/a ~ Fq + Ft + F® + F® + 

F2)0a} = k{(Fo — Va) (01 + 02 ) ~ (Ft + F®)02 

- (F? + Ft)0i}. (30) 

This is an inhomogeneous partial differential equation of the same 
type as that encountered in equation (9.11) in connection with the cal- 
culation of the first-order perturbation energy term. In order that it 
may have a solution, it is necessary that the right-hand side of equa- 
tion (30) should be orthogonal with respect to the solution 0i + 02 of 
the corresponding homogeneous differential equation. 

Hence, 

(Fo — no) ^ (01 + 02)*dnidt>2 = (Fo — no) (2 + 2^) 


+ F®)02(0i -f <h)duidv2 + 

J* (F 2 + F® )0i(0i + (I>2)dvidv2. 


( 31 ) 
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That is, 


En + Ei2 „ -Ell'S* ~ Ei2 
, , 02 = ^11 ■ 


1 + 5* 


1 + 5 * 


where 


^2 


2 Eu — J * {Fo(</'i + <^1) ~ (1^^ + 1^2 

-(V^ + V^)<l>\}dVtdV2, 

2 Ei 2 = f (2Fo -V^ ~vf -vt - Vf)M 2 doidv 2 , 


( 32 ) 


( 33 ) 

( 34 ) 


and is defined by equations (19) and (24). 

In a similar manner it may be deduced that the first-order perturba- 
tion energy term corresponding to is given by the relation^ 


Ell — Ei2 „ , — £^12 

■ ®‘‘ + i-s’ ' 


(35) 


12.2 Physical Interpretation. The terms rja and rj^ represent, to a 
first-order approximation, two different values for the interaction energy 
of two hydrogen atoms, and an inspection of 
equations (22) and (23) shows that rja corre- 
sponds to the symmetrical zero-order eigenfunction 
<l>^, while corresponds to the antisymmetrical 
function </)^. Thus the quantum mechanics treat- 
ment of the problem leads to the conclusion that 
two hydrogen atoms can interact in two different 
modes. The fundamental reason for this is the 
fact that it is possible for the two electrons to 
interchange places; or, stated in more technical 
language, the existence of two modes of vibra- 
tions and corresponding eigenvalues is due to the 
degeneracy of the system in the unperturbed 
state. This, in turn, occurs because the two 
electrons are absolutely equivalent, so that it is 
impossible to distinguish between them. In 
other words, the whole argument is a logical 
deduction from the Principle of Indeterminacy in the sense that, when 
two hydrogen atoms approach each other very closely, there is no 



2 3 

R/a©'^ 

Fig. 55. Energy curves 
for the two inodes of 
interaction of two 
hydrogen atoms; 
curve S corresponds to 
the symmetric, and 
curve A to the anti- 
symmetric mode. 


2 The notation and E 12 is that used by Heitler and London. In a subsequent 
section these will be shown to correspond to matrix elements which occur in a second- 
degree secular equation. 
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experimental method by which each electron may be “ tagged ” and 
observed. 

Evidently the interaction energy terms Va and np are functions of R. 
While the actual details of evaluating the expressions for En and E12 
are discussed in a subsequent section, Fig. 55 shows the results deduced 

by Y. Sugiura,^ which are more 
accurate than those obtained 
by Heitler and London in their 
investigation. The values of 
i}„ (curve S) and np (curve A) 
are given in electron-volts 
(v.e.)* as functions of the 
internuclear distance R/ao, 
where oo denotes the Bohr 
unit radius. 

It will be observed that ifa 
reaches a minimum value of 
—3.2 v.e. for R = 1.52ao = 
0.80 A, while vp is always 
positive. Thus, )}„ represents 
the lower energy state and rmist 
correspond to molecule forma- 
tion, while rip, since it is posi- 
Fig. 56. Plots of the total energy, Coulomb tive, must correspond to re- 
energy and exchange energy as functions between the atoms.® 

I—i. >1^^^ 4-V.rk 4-xwTr^ ^ 

Consequently, the symmetric 
eigenfunction represents a 
stable state, while the antisymmetric eigenfunction represents an 
unstable state. 

Figure 56 shows plots of the same quantities in terms of calories per 
mole H2. For comparison there are also plotted the energy term 
£^11 and the curve calculated by P. M, Morse® from observations qn the 
band spectrum of H2. These observations lead to a minimum of the 
curve at /Z = 1.40ao = 0.74 A. The considerations upon which this 
calculation has been made will be discussed in the following chapter. 

Calculation shows that the term E12 is negative (over a large range of 



of internuclear distance, for the two modes 
of interaction of two hydrogen atoms. 


® Sugiura, Z. Physik, 45 , 484 (1927). 

* 1 v.e. = 23,055 cal./mole. 

® Thus, curve S is similar to the plots shown in Fig. 51, Chapter VIII, for the 
energy of interaction of two molecules. 

® Morse, Phya. Rev., 34 , 57 (1929); Condon and Morse, ** Quantum Mechanics,^^ 
p. 163; also see the following chapter for further discussion. 
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values of B/a^) and greater in absolute value than Eu, while S®is posi- 
tive and less than 1 for all values of R/oq > 1, From the curves in 
Fig. 56 it is seen that for values of R/oq ^ 1.5, approximately, the rela- 
tions between ija, Vp, En, and E 12 are those indicated diagrammatically 
in Fig. 57. 

A consideration of equations (33) and (34) throws considerable light 
on the nature of the attractive energy forces which lead to molecule 
formation. In equation (33), the term 7o(<>i + 4>l) 
represents physically the total repulsive energy due 
to the nuclear charges and the electronic charge 
distributions. Similarly, the other terms on the 
right-hand side of (33) represent the attractive 
energy between the nuclei and the electronic charge 
distributions. Hence, we may designate En as the 
Cotdomb interaction energy. On the basis of classical 
considerations this should constitute the whole of the 
interaction energy between two hydrogen atoms. 

Actual evaluation of the expression for En shows 
that this has a minimum value of —0.488 v.e. for 
R = 1.90ao = 1.00 A. Since the value of for 
this value of R is 0.347, it follows that —En/{i + <S^) = 0.362 
v.e. = 8350 cal./mole. Comparing this result with the observed energy 
of^ formation of H 2 , which is 4.72 v.e. = 108,900 cal./mole, it is seen 
that the classical electrostatic attraction and repulsion energies are quite 
inadequate to account for the energy of the valence bond. 

As mentioned already, the energy of formation as calculated by 
Sugiura is 3.2 v.e. Though this is less than the observed value, never- 
theless it indicates that the valence energy is accounted for to a con- 
siderable extent by the term En- What is the physical significance 
of this energy term? A similar expression was encountered in the ex- 
change-energy term Vn which was derived in the solution of the helium 
atom problem. In the present case we also designate En as the exchange 
energy, and it is seen that the presence of this term is due to the assump- 
tion that the eigenfunction for the system has the form given inequations 
(5) or (6). In other words, En occurs because of the possibility of 
interchange of the electrons, and we may regard vn = En/h as a measure 
of the frequency of this interchange. 

A great deal has been written about the non-classical nature of the term En, 
and since this term accounts, as shown above, for a large part of the energy of for- 
mation of Hj, a distinction has been drawn between the types of forces involved in 
the two energy terms {En and En)- Evidently, such a distinction is only the re- 
siilt of the mathematical computation, for, as a matter of fact, the quantum-mechani- 


— y" ~ . f" 


%.(1+S*> Ei2 

s-f Lg 

Fig. 57. Relation 
between the 
terms in the ex- 
pressions for the 
energy of inter- 
action of two 
hydrogen atoms. 
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cal treatment recognizes that the only forces involved in the binding of two hydrogen 
atoms are those which arise from electrostatic attraction and repulsion between the 
four particles which constitute the system. The exchange term is merely an expres- 
sion of the physical requirement that the electrons in H 2 cannot be regarded as 
localized about the nuclei with which they were associated in the separated atoms. ^ 

There is this important difference between the energy terms V 12 
and Ei 2 , that, whereas E 12 is negative in the case of the hydrogen 
molecule (and in most other cases of interaction of similar atoms), the 
term F 12 is positive, as is readily evident from equation (10,29) and the 



Fig. 58. Electron distribution for elastic reflection of two hydrogen atoms. 


subsequent calculations m Chapter X. This is due to the fact that 
V 12 represents a repulsive energy term which arises from the inter- 
change of coordinates by two electrons of different quantum numbers 
in the same atom. On the other hand, E 12 represents an attractive 



Fig. 59. Electron distribution for hy- 
drogen molecule formation. 

respectively. Figures 58 and 59, 
show the results obtained. 


energy which occurs because of the 
possibility of interchange of two 
equivalent electrons, one from each 
of the atoms. 

On the basis of these consider- 
ations Heitler and London con- 
cluded that, to a first approxima- 
tion, the energy E 12 corresponds 
to the energy of the valence bond 
in the molecule H 2 . This is most 
readily evident from the plots, cal- 
culated from (02)^ and (0^)^, of the 
density of charge distribution for the 
symmetric and antisymmetric cases, 
taken from a paper by F. London,® 


The density is constant on each curve (so that they correspond to 
the isobars in atmospheric pressure measurements). The numbers 


^ S. Dushman and F. Seitz, J. Phys. Chem., 41 , 233 (1937). 
* F. London, Leipziger VoTtrdge, 1928 , pp. 59-84. 
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attached to each curve give the relative densities or probabilities of 
occurrence of the electrons. Figure 58 illustrates elastic reflection and 
shows that the electrons tend to occur during most of the time in the 
regions removed from the center. They avoid the region between the 
nuclei. On the other hand, Fig. 59, which represents the distribution 
for molecule formation {homopolar combination), shows that in this case 
the electrons tend to occur during most of the time in the region between 
the nvdei. Thus, the methods of quantum mechanics lead to an inter- 
pretation of the shared electron pair or nonrpolar bond of the Lewis- 
Langmuir theory of valency. When the chemists write the electronic 
formula for H 2 as H:H, they are therefore in logical agreement with the 
conclusion deduced from the solution of the S. equation. In other 
words, the theory of Heitler and London gives a quantitative basis for a 
representation which the chemist had derived by intuition. 

12.3 The Application of the Pauli Exclusion Principle. Here, as in 
the case of the helium atom, we must take the electron spins into 
consideration. Here also we find that it is possible to obtain only four 
functions which are completely antisymmetrical in the electrons and 
which, therefore, satisfy the Pauli Exclusion Principle. 

Let us designate the two spin functions and ^(— 5 ) by a and 
j3, respectively. Then the only completely antisymmetrical functions 
which can be formed from the spatial functions (symmetric) and 
(antisymmetric) are the following: 

02^{a(l)i3(2) - a(2)/3(l)}; (Zm, = 0) 

4- a(2)0(l)}; (Lm. = 0) 

(l)a( 2 ) and (L»t, = ± 1 ) 

Only the first of these four functions involves 0 °, and in that case, 
= 0 ; that is, the spins are antiparallel. In the other three 
functions the total spin has the values 4 - 1 , 0 , and — 1 . 

Thus we find that there exist three possible states in which the 
atoms repel each other and one state in which they attract and form a 
molecule. That is, when two hydrogen atoms collide there is a 25 
per cent probability that this collision will result in the formation of a 
molecule. Furthermore, in the molecule, the spins of the two electrons 
must be antiparallel. For this reason the normal state of the molecule 
is designated spectroscopically as a singlet state (^]!Ce)> whereas the 
repulsive state is of the triplet type (^ 2 i»)* 
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The suffixes g and « signify respectively “ gerade,” that is, even, and 
" ungerade,” that is, odd. These designations refer to the fact that 

~y> ““2), 

while 

4>0{!»iyiz) = -y, -z). 


Although the energy state corresponding to <t>ff is unstable, “ it is used 
to explain a certain continuous spectrum emitted by H 2 , due to transi- 
tions from an excited triplet state, not shown in Fig. 55, down to the 
curve. Transitions down to this curve would obviously lead to a 
dissociation of the molecule, giving rise to a continuous spectrum.”® 
12.4 Calculation of Perturbation Energy Terms. Let us consider 
first the integral 

<S = J* UA{l)u^(l)dvi (24) 

1 p 

= — = I « “0 dvt. (36a) 

tOqJ 

We shall find it advantageous to express all distances in atomic 
units, and designate these by p, with a corresponding subscript. Thus 
PAi = Txi/oo, and so forth. In terms of these units. 



/ 




(366) 


Now, in evaluating integrals such as those for S, En, E 12 , and others 
which occur in txvo-center problems, it is found convenient to utilize 
spheroidal co&rdinates of the particular type known as confocal elliptic. 
These are defined as follows: 

X = ^ (PAi + pbi)> (37a) 


and ^ 5 ”” 

where D = fJ/oo.^® As third coordinate, we use the angle 6, which a 
plane passing through the two nuclei and the instantaneous position of 

• J. H. Van Vleck and A. Sherman, “ The Quantum Theory of Valence,” Be». 
Modem Phys., 7, 167 (1935). This is also discussed in the following chapter. 

^ The significance of \ and p in these equations is, of course, not to be confused 
with the interpretations used in other connections. 
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the electron makes with a fixed plane through the two nuclei. It will be 
recognized that \ defines an ellipse described about the two nuclei as 
focal points and passing through the point designating the position of 
electron 1. Similarly n defines a hyperbola which passes throijgh the 
same point. By revolving such a system of confocal ellipses and 
hyperbolas about the line joining the nuclei as axis, there is obtained a 
set of confocal ellipsoids and hyperboloids, which (see Fig. 61 in sup- 
plementaiy note 1) intersect along circles. These circles lie in planes 
perpendicular to the axis and have their centers on this axis. Hence, 
in order to specify the position of the electron, we require not only X 
and n (which define a particular circle) but also 0, the angle which a line 
passing through the center and the point makes with a fixed axis. 

As shown in supplementary note 1, the element of volume is given by 

dr = ^ (X2 - iu2)dXd/id9. (38) 

o 

Hence, in terms of these coordinate variables, 

“ t/ “ M*)dXdM, 


since the limits of $ are 0 and 2ir, and we can therefore integrate directly 
with respect to this variable. 

The limits for the other variables are defined byl<X<oo; — 1< 
M < 1. Expressing the integral as the product of one integral with 
respect to X and of the other with respect to /i. 






\ 


where x = HX. The expresaons for these integrals are given in Ap- 
pendix III. Consequently, we obtain the result 




( 39 ) 
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Figure 60 shows a plot of S® as a function of D. (In the figure this 
ratio is designated p.) 

We shall now consider the relation for E\\ as given in equation (33). 
The first term on the right-hand side is 

/ =y* J*Vo(4>i + 4i)dvidv2 = J* J'(^ + (0i + ^)dvidv2, 


and since the two electrons are equivalent it follows that we can write 


where 


Ji = J* {uA(l)«B(2)Pj^dM»2- 



Fig. 60. Plot of the function as a, function of intcmuclear distance. 

This integral represents the repulsive energy between the two electronic 
charge distributions represented by ui(l) and u|(2), that is, by the 
two functions 


«i(l) dvi, 

vJ 


and 


mI( 2) = - r €-2'’s 

vJ 


dvo 
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Now according to equation (jfO.lS), the potential at the point p = p^i 
= p^, due to the electron distribution about the point B, is given by 

F(pb) = — {1 - (1 + Pb)}, (40) 

O^OPb 

where pb represents pbj. 

Hence the interaction energy of the charge distribution about the 
point B with a similar distribution about the point A is given by 

Ji =— + PB)}dt'i 

^0 ^ Pb 


= I {l ~ €“"2^8(1 + pB)}dvi. 

Oq TO Pb 


Introducing the confocal elliptic coordinates defined by equations (37a) 
and (376), and integrating with respect to 0, the last equation assumes 
the form 



£)2 p^DOA-n) 

‘Tj (X - p) 


(X^ ~ y?)dKdix • 


I - 1 + 




oo 2 


J'J + M)dn - 


£ * + m) (i + Y - T 

g2 f 1 / pco pD p^ pD \ 

= — ] — ( / C^xdx I (~^dx + I i~^dx I e~^dx ) 
Oo [D \Jd J-d Jd J-d / 

— 7 I €~’‘xdx — — I f~^x^dx + rr / «“®dx 

4»/2I> 16 Jzd 12 J 20 


Co Id \D^ 8 ^ 4 ^ 


?)!■ 


(41) 


In the case of the four negative terms on the right-hand side of 
equation (33), which involve respectively the four reciprocal distances 
Pb 2 ~^i Pa 2 ~^> *1 follows from the equivalence of the 
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electrons that each of these terms represents the attractive energy 
due to interaction of an electron charge distribution about one of the 
nuclei, say A, with the positive charge at the other nucleus B. Denot- 
ing each of these four terms by J 2 , it follows from equation (40) and 
the relation i2 = ooDthat 


4J2 


4(1 

OqD' 


r“(i + D)}. 


Cionsequently, 


Ell “ ^ *^1 


2i/2 




Oo 


4i+'5- 

D 1 ^ 8 


4 


6 


(42) 


(43) 


(44) 


From the plot in Fig. 56 of En against D it will be observed that for 
D > 1.4 approximately, the expression has a negative value. This sig- 
nifies that, for distances beyond D = 1.4, the Coulomb aMradive energy 
between the nuclei and the negative charge distributions exceeds the 
total repulsive energy which ensts between the two nuclei and also 
between the two electronic charge distributions. The Coulomb forces 
of attraction and of repulsion are equal at the distance D = 1.9, approxi- 
mately, for which dEn/dD = 0. 

We now have to evaluate the different integrals which occur in equa- 
tion (34) for the energy En. Because of the equivalence of the elec- 
trons, it follows that the four negative terms must each be equal to the 
same integral. Let us consider the integral 

f Vt<t>i<h^ldV 2 UA(2)UB(2)dV2 = SK 2 , 


Pai 


where 


K. 




r 


-(Paj+Pbi) 


Pai 


■dvi. 


(45a) 


Using the transformation to confocal elliptic codrdinates defined by 
equations (37) and (38), it follows that 




/* 


>1 
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and therefore, 

SK,.l..->h + 2DA^). 

do \ 06/ 

The first integral on the right-hand side of equation (34) is 


(45c) 


where 


K.\ = I <l>i<f>2 ( — ) dvidv2> 
flo \P12/ 


Consequently, we obtain the result 


Ei 2 = e^’— + Ki- 2SK2. 

Jti 


(46; 


(47) 


Heitler and London did not evaluate the integral in equation (46), 
but concluded that 


Ki < 


552 


flo 8 

However, Y. Sugiura*^ showed, as a result of a lengthy calculation, 
that the integral could be represented by the relation 


I js2(C -I- In D) + SiEi{-^D) - 2SSi£/i(-2I>)jj . (48) 

where C = Euler’s constant = 0.6772, 

In = natural logarithm, 

— du, 

00 Vf 


Ei(-x) = C +1^^* - ^ + + •••(»< 17). 

Sugiura, Z. Physik, 46, 484 (1927). 

1^ Values of this function are given in ** Funktionentafeln,’' by E. Jahnke and 
F. Emde, B. G. Teubner, Berlin, 1928, pp. 19-22. Also see Appendix III. 
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As a result of his calculation, Sugiura derived a minimum value for the 
interaction energy ija of —3.2 v.e. for D = 1.4 (R = 0.80 A), which is 
about 0.8 v.e. lower than that obtained by HL, but still above the 
observed value — 4.72v.e.^® 

12.6 The Variational Method. The HL method }delds only an ap- 
proximate value for the energy of formation of Hg from the atoms; 
more accurate results have been obtained in the solution of this problem, 
as in that of the helium atom, by the application of the variational 
method. As a first illustration of this, it is interesting to observe how 
much more readily the eigenvalues may be derived in this manner as 
compared with the rather tedious calculation by HL in which the 
perturbation method was used. 

As shown in the previous chapter, we can write the condition for the 
solution of the S. equation in the form 

<l>H(t>dT 

E = = minimum, (49) 

C 

where H is defined by equation (12), and the value of E will be lower 
(more negative), the more nearly the function 4> approaches the correct 
eigenfunction for the given state. 

As a first approximation let us as.sume that the zero-order function 
is represented by the Heitler-London function defined by the relation 

= a4>i + b<t>2, (50) 

where <t>i = ma(1)«b(2), 

4>2 = ■ma(2)wb(1). 

and «a(1)» etc., are defined by equations (1) and (2), while a and b 
are parameters to be determined from the conditions 

0 

da db 

Since and e.re orthonormalized functions; it follows that equa- 
tion (49) assumes the form 

(o 2 + h 2 + 2ab^)E = a^Hn + o 6 (Hi 2 + H^) + 6 *^ 22 , (51) 

“ The energy of fonnation of Hg from the atoms is, of course, +4.72 v.e. This 
value is greater than the observed energy of dissociation of Hg because the latter does 
not include the “ zero point ” energy of vibration of the nuclei, as will be discussed 
more fully in the following chapter. 
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where is defined by equation (19), and 

Hii = J* <l>iH^idT 

Hi2 “ ^ <(>iH<f>2dT 
H 21 = J* <l>2H4>idT 
H 22 ~ ^ <l>2H<l>2dT 

Because of the equivalence of the two electrons, it is evident that 
Hii = H 22 8iDd Hi2 = H21- 


(52) 


Hence, equation (51) becomes 

(a^ + b^ + •2abS^)E = (o® + b^)Hu + 2dbHi2. 

Differentiating with respect to a and b separately, we derive two 
relations which must be satisfied. These are 


(o* + b^ + 2abS^) — = 2a{Hn - E) + 2b(Hi2 - S^E) = 0, 
da 

and 

dE 

(a® + 62 + 2abS^) — = 2a{Hi2 - S^E) + 2b{Hn - E) = 0. 


Consequently, we derive the determinantal relation 

Hu-E, Hi2-S^E 
Hi 2 - S^E, Hn -E 

that is, the secular equation, 

{Hn - £)* - {Hi2 - S^E)^ = 0 . 


The roots of this equation are, evidently. 


(53) 


Es 


Hn + Hi2 
1 + 52 


(54) 




Hn - Hn 
1 - 


( 55 ) 


and 
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From equations (12) and (26), it follows that 

Hii = J*^i(2Fo + Fo - F? - V^)doidv2 

—2Eo "I" ^ "f" ''^idoidXi 

rf— + — Vicfoid»2 

J VbI tKif 


e® 

= 2Eq "f" — 2jr 2, (56) 

K 

where Ji and J 2 are expressions defined by equations (41) and (42), 
respectively. Comparing with equation (43), it is seen that 

Hii == 2Eq + Ell, (®^) 

In the same manner it is shown that 

Hi2 =* J* + ^0 "■ V^}dvidv2 


^S^(2Eo + ^) + e^fQ^^<l>i4>2dvidv2 

-e* f(— + -^-\i4>2dvicb)2 
J VAi rs2/ 

= S^(2Eo + ^^ + Ki-2SK2, 


(58) 


where K 2 and Ki are the expressions defined by equations (45o) and (46), 
respectively. Comparing with equation (47 ) , it follows that 

Hi 2 = 2Eo^ + ^ 12 . (59) 


Hence, 

Ea - 2Eo = [see equation (32)] 


c* Ji ~ 2J2 ~H K.\ — 2SK2 
“ « 1 + -S® 


( 60 ) 
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while 

Ea. — 2Eo «= — = Vfi [see equation (36)] 

^ , Jt-2J2-Ki + 2SK2 
“«+ ( 61 ) 

These results are identical with those derived in the previous section. 

12.6 Method of Molecular Orbitals. The fact that the Heitler- 
London method leads to a binding energy of only 3.2 v.e. as compared 
with the observed value of 4.72 v.e. shows that the simple assumption 
made by Heitler and London for the form of requires considerable 
modification. 

In seeking for an explanation of the discrepancy between calculated 
and observed values, it is evident that one cause is the neglect of the 
mutual polarization of the atoms. As mentioned in the following 
section, N. Rosen has shown that, when this factor is taken into account, 
the value deduced for the binding energy is 4.02 v.e. 

Further consideration shows that in the Heitler-London method two 
very important effects have been neglected. In the first place no 
allowance has been made for the probability of the simultaneous occur- 
rence of both electrons near the same nucleus. This would be indi- 
cated by the presence in the eigenfunction of ionic terms. “ When 
they are included,” as Penney remarks, “ they must be introduced 
symmetrically into the wave function in order that there is just as 
much probability of finding both electrons on the one proton as the 
other. If this were not done, the assumed wave functions would 
attribute a permanent dipole moment to the hydrogen molecule.” 

In the second place the Heitler-London method fails to take into 
account to a sufficient extent the fact that the two electrons will tend 
to avoid each other, so that the probability of the occurrence of one 
electron at any point in the configuration space must be a function of 
ri 2 . The additional energy of binding which results from this effect 
is the correlation energy, and while it is included to some extent in the 
exchange term Eu, the actual calculation of this term presents con- 
siderable difficulty. 

The difficulties arise, of course, from the fact that in the Heitler- 
London method the zero-order eigenfunctions for the molecule are built 
up from atomic orbitals, that is, single-electron wave functions which 

W. G. Penney, “ The Quantum Theory of Valency,” p. 18; S. Dushman and 
F. Seitz, loc. cU. 
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describe the behavior of an electron in the field of only one proton. 
It is obvious, however, that, when the atoms combine to form a hydro- 
gen molecule, these atomic orbitals will be profoundly modified, and it 
might therefore appear more logical to start with a system consisting 
of two nuclei at a given distance, to which the two electrons are added 
in succession. That is, we can regard Hg as formed from the ion H'J by 
the addition of an electron. 

This method which has been developed by F. Hund, R. S. Mulliken,** 
and others is known as that of mokcvlar orbitals. In this method 
the wave function expresses the motion of each electron in the potential 
field resulting from all the nuclei and the other electrons present in the 
molecule. The point of view is therefore analogous to that of Hartree 
in the case of atomic systems. 

A comparison of the results obtained by the two methods has been 
made by Van Vleck and Sherman, and their conclusion is as follows:^® 

It is hard to say categorically whether the method of molecular orbitals or the HL 
method is the better. The latter undoubtedly is much preferable at very large 
distances of separation of the atoms, for then the continual transfer of electronic 
charge from one atom to another demanded by the ionic terms surely scarcely occurs 
at all. On the other hand, at small distances, the HL method probably represents 
excessive fear of the ri 2 effect, and the factorization into n one-electron problems 
presupposed by the method of molecular orbitals may be quite a good approxima- 
tion. 

The reference to “ ionic terms ” requires further amplification, and, 
in order to illustrate the significance of this point, we shall consider the 
application of the two methods to a diatomic molecule AB in which 
each atom contains only one electron which is effective for interaction. 

In the molecular orbital method, we represent the eigenfunction for 
the molecule by 

= Mxiyiei) • ( 62 ) 

where a capital ^ is used, as Van Vleck and Sherman have suggested, 
to denote the wave function for the whole system, and small ^ for the 
function of each electron moving in the field of the two nuclei and the 
other electron. 

Let denote the wave function for the motion of one electron in 
the field of the nucleus A (so that is an atomic orbital), and similarly 
for 0B- 

R. S. Mulliken, Rev. Modem Phya,, 4 , 1 (1932). See also J. H. Van Vleck and 
A. Sherman, ibid., 7, 167 (1935) and W. G. Penney, op. cU., Chapter III, for a dis- 
cussion of this method. 

Van Vleck and Sherman, op. cU., p. 171. 
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Then equation (62) becomes 

*= [«<^a(1) + ^<^b( 1)] [a0A(2) + 00 b(2)] 

= «*^a(1)^a(2) + ^^<^b(1)'^b(2) 

+ «^['^a(1)<#>b(2) + 0a(2)<)>b(1)]- (63) 

It will be noted that a term such as ^a(1)^a( 2) implies that both 
electrons are associated with nucleus A, while <^b(1)'^b( 2) means that 
both electrons are associated with B. Therefore, the right-hand side 
of (63) represents a condition which may be described as follows: 

(1) The system has a probability of being in either or both (depend- 
ing upon the ratio a/d) of the ionic states A: B or A :B. These corre- 
spond to the designations A-B"*" and A'^B“, respectively. 

(2) There is a probability, defined by that the molecule will 
exist in the homopolar state A : B, in which the bond is non-polar. 

The HL argument takes into account only the second possibility and 
neglects completely the possible occurrence of ionic states. 

Obviously the actual wave function should, in general, be repre- 
sented by a combination of ionic and homopolar functions, and for 
purposes of further discussion we may write equation (63) in the more 
compact form 

^ + c^HL) (64) 

where designates the wave function for the ionic states, imi. that for 
the homopolar state (HL form of function), and it is necessary that 

= 1 . 

From this point of view, the distinction between ionic and homopolar 
compounds is not nearly so sharp as we ordinarily assume. As a in 
equation (64) varies from 1 to 0, we pass from the completely ionic 
to completely homopolar type of molecule. In this connection the 
comments of Van Vleck and Sherman are very pertinent. They write: 

There are elements of truth in the old-fashioned chemistry that HCl has the struc- 
ture H"^C1“, as the true wave function of HCl is expressible as a linear combination of 
various idealized types, and certainly H‘^C1“ must be given some representation. . . . 
One great service of quantum mechanics is to show very explicitly that all gradalions 
of polarity are possible, so that in a certain sense it is meaningless to talk of such 
idealizations as homopolar bond, heteropolar bond, covalent bond, dative bond, etc.^^ 

The reader will find further interesting remarks on this topic in 
Pauling^s paper, The transition from one extreme bond type to 

Van Vleck and Sherman, op. cii., p. 171. The author is responsible for the 
italicized parts. 

Pauling, J. Am. Chem. Sac., 64, 988 (1932). See also the discussion by 
L. Pauling and E. B. Wilson, Jr., “ Introduction to Quantum Mechanics,*' p. 345. 
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another/’ in which he uses as illustrations of such transitions from 
ionic to homopolar molecules the alkali and hydrogen halides. 

12.7 The Dissociation Energy of Hf. These considerations have been 
found to be important in the calculation of the enei^ of formation 
of Hj from the atoms. (This will be designated by !)«.) For a sym- 
metrical molecule, such as Ha, we usually regard the value of a in equa- 
tion (64) as insignificant. However, S. Weinbaum^® has shown that it 
is possible, by using a function of the form given in this equation, to 
obtain a more accurate value of D«. He assiuned 

“ [<^a(1)0a(2) + ^(1)<^b(2)] + c[^a(1)^b( 2) + 0A(2)<te(l)], 



and similar expressions for the other hydrogen-like functions. This 
expression for 'if was then used in the fundamental relation (49) to cal- 
culate a value of E, subject to the conditions dE/dc = 0 and dE/ dZ - 0. 

The maximum value for Z)« obtained in this manner was 4.00 v.e., with 
the values c = 0.256 and the effective nuclear chaise Z = 1.193. 

E. A. Hylleraas®® also used the method of molecular orbitals, start- 
ing with wave functions which are solutions for the ionized hydro- 
gen molecule H^". The value thus derived for De was 3.6 v.e. 

Passing now to the consideration of other variational treatments in 
which atomic orbitals have been used, we find that S. C. Wang®^ used 
a modified HL function of the form 

where C is a normalization constant, and Z, as before, represents an 
effective nuclear charge which was determined by solving equation (49), 
subject to the condition dEfdZ = 0. 

A more elaborate expression for ^ was utilized by N. Rosen.®® He 
took into account the distortion in the charge distribution in each atom 
which must occur when the two atoms are brought together (the polari- 
zation effect). He writes: 

The simplest way to represent this distortion is to consider the radius of the atom 
to change with the distance from the other atom. This is effectively what Wang 
did in his calculations, and it led to a definite improvement in the energy value. 
However, since the perttubations involved are not spherically symmetrical this can- 

** S. Weinbaum, J. Chem. Phya., 1, 593 (1933). 

®®E. A. Hylleraas, Z. Phyaik, 71, 739 (1931). 

« 8. C. Wang, Phya. Rev., 81, 579 (1928). 

i** N. Rosen, ibid., 38, 2099 (1931). 
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not be a very good approximation to the true state of affairs, and the next improve- 
ment that suggests itself is to introduce a change in the wave function that will 
depend on the direction with respect to the molecular axis and will be greatest in the 
direction of the latter. Since the interactions can be thought of roughly as being 
along this axis, it seems likely that the electron cloud tends to bulge out in the direc- 
tion of the second atom. 

In accordance with this idea, Rosen used a modification of Wang's 
trial function" as defined in the previous equation, of the form 

^ (1 -f firxi cos Oxi) (1 + PrB 2 cos ^ 32 ) 

+ (1 -I- fiTBl COS 0Bl) (1 + j3rA.2 COS ^Aa)], (65) 

where 6\i is the angle between r^i and R (the line joining the nuclei), 
jS is a variable parameter, and C is the normalization constant. Sub- 
stituting this function in the variation equation (49), the effect was 
first determined of varying the effective nuclear charge a, assuming 
/3 = 0. The value of a thus obtained which corresponded to a minimum 
value of E was then substituted in equation (65) and used to calculate 
a minimum value of E for variations in /3. The final result led to a 
value for D, of 4.02 v.e., with the corresponding values of the two 
parameters a — 1.19, and = 0.10 for the equilibrium distance R — 
1.41600. 

The most accurate solution is that of H. M. James and A. S. Coolidge.*® 
The method used by them is similar to that of Hylleraas for helium 
(see Chapter XI). They introduced the four elliptic coordinates 


, (^Ai + rsi) 

’'■* R ' 

(r-Ai - rsi) 

R • 

» {rx2 + r^z) 

R ' 

(rA2 — ^Bz) 

R ’ 


and the variable p = 2 ri 2 fR, thus taking into account the electron cor- 
relations discussed in the previous section. As trial function they 
selected the molecylar orbital defined by the series 

4> = ZC„nikp{'^l^nil4p^ + XJX^p^M^'p*’), (66) 

where the summation extends over all positive values of the exponents 
(including zero), “ subject to the restriction required by nuclear sym- 
metry that j + fc must be even, and taking as many terms as shall prove 
necessary to give an acceptable approrimation for the energy.” 

*• H. M. James and A. 8. Goolidge, J. Chem. Phys., 1, 825 (1933). 
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As a first approximation only the exponential part was used, that is, 


A = l*-«(xi+x2)= 

2ir 2jr 


(67) 


For each value of R there is a best value of 8. For the value R = 1.40 
atomic units (the value deduced from observations on band spectra) 


the lowest values of E 


f 


= / <l>H<t>dTleSids 


to a binding energy of 2.56 v.e., 


which is comparable with that obtained by the Heitler-London fimction. 
As James and Coolidge remark, In the energy thus calculated, there 
is nothing resembling the ^exchange integrals^ of the HL treatment; 
this raises the question whether the importance of the exchange terms, 
frequently assumed to represent the essential nature and magnitude 
of chemical binding, may not have been overemphasized/^ 

The fact, thus pointed out, that a form of molecular orbital function 
may be chosen that does not lead to integrals of the type Hu [see 
equations (52)] is of extreme significance for the physical interpretation 
of the Heitler-London calculation. 

The next approximation made by James and Coolidge is the use of a 
series for 4> in which the exponent p in equation (66) is put equal to zero. 
This means that the tendency of the electrons to avoid each other is 
completely neglected. Under these conditions the maximum value 
obtainable for the binding energy for R = 1.40 is about 4.27 v.e., which 
leaves about 0.5 v.e. to be accounted for by electron correlations. 

The simplest expression in which p occurs has the form 


-5(Xi+X2) 

^ 27r + mI) + C^2M1M2 + + X 2 ) + C4p}, 


which involves five terms. The exact method used for the determina- 
tion of the coefficients is described in the original publication. The 
value deduced for the binding energy by the use of this expression for </> 
is 4.507 v.e. for R = 1.40, with d = 0.75. Actually, calculations were 
carried out with as many as 13 terms in the series. Table 1 taken from 
the paper by James and Coolidge gives a comparison between their 
results and those of previous investigators. 

It is of interest to compare these calculated values of De with the 
results of observations on the energy of dissociation of H 2 , which we 
shall designate by Dq. Direct thermochemical determination by 
F. R. Bichowsky and L. C. Copeland^^ gave the value Dq = 4.55 it 0.15 
v.e., while H. Beutlcr^® has deduced, from the observations on the 

F. R. Bichowsky and L. C. Copeland, J. Am. Chem, Soc,, 60, 1315 (1928). 

H. Beutler, Z. physik. Chem., B29, 315 (1935). 
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vibrational energy levels of H 2 in the normal state, the value Dq = 4.45 
(= 102,700 cal./mole). Since the energy minimum (~Z)e), as calculated 
by the methods of quantum mechanics, includes the zero-point energy 
0.27 v.e. ( = as shown in the following chapter), the observed value 
of De is 4.45 + 0.27 = 4.72 v.e. (= 108,900 cal./mole), which is in 
extremely satisfactory agreement with that deduced by James and 
Coolidge. 


TABLE 1 


Function 

De {electron volts) 

R/oq 

1 term 

2.56 

1.40 

5 terms 

4.507 

1.40 

11 terms 

4.685 

1.40 

13 terms 

4.698 

1.40 

Without ri 2 

4.27 

1.40 

Heitler-London 

2.9 

1.40 

Sugiura 

3.2 

1.51 

Wang 

3.76 

1.42 

Rosen 

4.02 

1.416 

Observed 

4.72 

1.40 



SUPPLEMENTARY NOTE 1 

TRANSFORMATION FROM CARTESIAN TO CONFOCAL 
ELLIPTIC COORDINATES 


The consideration of Figs. 61a and 616 will illustrate the physical 
significance of this coordinate system. 

If 2a designates the distance between two points regarded as foci 
of a system of ellipses and hyperbolas, then the major axis of any one 
ellipse is given by ^ 

CD = —y 

ei 

where ei 1) is the eccentricity of the given ellipse. 



Similarly, for any confocal hyperbola, the major axis is given by 

C'D' = — » 

€2 

where 62 1) is the eccentricity of the hyperbola. 

For any point P'y at which these two curves intersect, 

AP' + BP' = rx + rs = — = 2a\, 

ei 


(i) 


and AP' — BP = r a — ^3 = — = 2a/i, (ii) 

62 

where X = l/^iand/i == I/62. 

Thus, each ellipse of the system of confocal conics has a definite value 
of X, and similarly, each confocal hyperbola has a definite value of so 
that a point P may be designated by specifying the values of X and p 
for the two confocal conics which intersect there. 
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If now we rotate these curves about AB as axis of revolution, there are 
obtained a series of confocal conicoids which in tins case are known as 
'prdate spheroids. The ellipsoids and hyperboloids of revolution will 
intersect along circles such as that indicated in Fig. 616, and hence it is 
necessary to introduce a third coordinate variable, the angle d, which 
specifies the position of P on the circumference of the circle, with respect 
to a fixed plane (indicated by the line P'NP') which passes through the 
axis AB. 

It is necessary now to derive the relations between the variables 
A, li, 6 and the rectangular variables x, y, z. Assuming that the i-axis 
coincides with the axis of revolution AB, that the z-axis is in the plane of 
the figure and passes through the origin 0, in the midpoint of AB, 
while the y-ans projects at right angles to the plane containing Oz and 
Ox, we can set down the following relations which are derived in any 
textbook on solid geometry. 



At the point P the same values of x, y, z must satisfy both of these 
equations. Hence, 

+ 22 = - 1) (1 - m"). 

This defines the radius r(= NP) of the circle along which the two 
surfaces intersect, and consequently, as is evident from Fig. 616, 

y = aV (X^ — 1) (I — • sin 0-, (v) 

z = aV (X^ - 1) (I - • cos e. (vi) 

By substituting in either equation (iii) or (iv), it is readily shown that 

X = oX/i. (vii) 

As in section 6.2, we now have to determine the three constants 
Ox, 0^, and at, which connect the elements of volume as expressed in the 
two systems of coordinates, according to the relation 

dxdydz = V a\%at • dkditdd. 
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Since X, n, and d form an orOiogonal system of coordinates, it follows 
that 

».-(iy=(syH2y-(sy= 

where (ds)* = (dx)^ + (dy)^ + (dz)*. 

These differential coefficients, as derived from equations (v), (vi), 

and (vii), are as follows. 


dx dy . 
_^^._=Xasin 


a£ 

dX 


= Xacosfl 


dx ^ dy 
— = Xo; — = — jtto sin 
d/1 dy 


dz 

— = — ya cos d 
dy 


KZZ 

Vx^ - 1 

/ l -y^ 

\X2 - 1 
\1 - y^ 
\l-/i" 


dx 


= 0: — = oV(X^ — 1) (1 — • cos 6 

dd d$ 

— = -aV(x2 - 1) (1 - y^) • sin 0 
dO 


(xi) 


(ni) 


(xiii) 


Hence, 


and 


o®(X^ — y^) 

(X^-l) ’ 

o®(X® — /t®) 

(1-M^) ’ 

a«=:o2(X*-l) (1-M*); 


(xiv) 


(xv) 

(xvi) 


dxdydz = a®(X* - y^)d\dyde. (xvii) 
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The same result follows from the relation in terms of the Jacobian, 
which is of the form 


dx dy dz 

^ ^ dX 


dxdydz 


dx dy dz 
djjL dy dy 


• dKdydd. 


dx dy dz 

^ ^ ^ 


As may be verified by direct substitution from equations (xi), (xii), 
and (xiii), the value of the determinant is found to be a®(X^ — m^)- 
Applying the rules stated in section (6.2) (see also App)endix IV) for 
expressing the Laplacian operator in terms of the variables X, and 9, 
it is readily deduced that 




+ 


(X^-M^) 

(X2 - 1) (1 - M^) dd^- 


(xviii) 


When the S. equation for a two-center system is expressed in terms 
of these variables it is usually much more convenient to separate the 
equation into three ordinary differential equations, and thus obtain a 
solution, than when other systems of variables are used.^® 


See discussion by H. Bethe in “ Handbuch der Physik,” XXIV, Part 1, p. 530 
et seq. A further discussion of the usefulness of elliptic coordinates in the treat- 
ment of the two-center problem will be found in the paper by W. G. Barber and 
H. R. Hass<5, Proc. Cambridge Phil. Soc., 31, 564 (1935). 



CHAPTER XIII 


VIBRATIONAL AND ROTATIONAL STATES OF THE 
HYDROGEN MOLECULE 


13.1 General Remarks.^ The existence of band spectra, and the 
observations on the variation in specific heats of gases with temper- 
ature, lead to the conclusion that, in addition to the energy of excita- 
tion of electronic levels, the molecules also possess both vibrational and 
rotational energy due to the motions of the nuclei. Since the fre- 
quencies of these motions are small compared to those of the electrons, 
the electronic motion can adjust itself relatively instantaneously to the 
motion of the nuclei as if the latter were centers of force at rest. 

It is therefore possible to consider the energy states arising from 
nuclear motions as superimposed upon the electronic states. 

Let us consider a diatomic molecule, such as H 2 . As shown in the 
previous chapter, the potential energy for any two atoms A and B, 
which combine to form a molecule AB, is a function of the internuclear 
distance r, which may be represented graphically by a curve such as 
that shown in Fig. 62. Let U(r) designate this function. By defi- 
nition, the force between the nuclei is given by 


F{r) = 


dr 


At the value of r = ro, for which U is a minimum, the force vanishes, 
while it is negative to the right of the minimum (corresponding to a net 
force of attraction) and positive to the left of the minimum (corre- 
sponding to a net force of repulsion). If we assume U (r) = 0 for r = co , 
then the energy at r = ro (which is negative) corresponds to the dis- 
sociation energy which is usually designated by — D. 

For values of U(r) > — D, there are two values of r at which U{r) 
has the same value. These correspond to mean points of equilibrium 
for the vibrational motion of the nuclei, and the total energy is given by 
Ey = U{r) + D, This energy is quantized; so that there exist a series 
of vibrational energy states, designated by the quantum numbers 
V = 0, 1, 2, 3, etc., between the values [/(r) = —D and U{r) = 0. 
Figure 62 shows such a series of vibrational energy states for the mole- 

' See references at end of chapter. 
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cule H 2 in the normal state, and the potential energy curve 

derived in accordance with Morse’s equation, as explained in the follow- 
ing section. 

It is also observed that with any given vibrational state there are 
associated a series of rotational energy states, designated by the quan- 
tum numbers iiC = 0, 1, 2, etc. Thus, any line in the emission spectrum 



Fig. 62. Potential energy function and vibrational energy levels for normal 
state of H 2 molecule. 

of a molecule may be represented as a transition from an upper rota- 
tional level K\ associated with the upper vibrational level and with a 
higher electronic state, to a lower rotational level which is asso- 
ciated with a vibrational level and a lower electronic state. That 
is, if V represents the wave number^ of the emitted line, 

5 = 5. + G' - G" + r{v, K) - F"(v, K), ( 1 ) 

where Ve denotes the wave-number difference between the lowest levels 

* It is customary to give energy differences in terms of wave numbers. See 
Appendix II for conversion factors to other units. 
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associated with = «;" = 0 and K' = i?" « 0, corresponds to the 
vibrational energy, and F^v, K) to the rotational energy associated with 
the higher electronic state, and similarly for and K). 

Thus Fig. 63 shows the lower vibrational energy levels for the mole- 
cule H 2 in the normal in the first excited (2p'£t) states.^ 

The latter state results from the interaction of one electron in the 
normal (Is) state and another in the 2s state. The difference in energy 
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Fig. 63. Normal and first excited electronic energy levels for H 2 molecule and 
associated vibrational energy levels. 


for the states 1 ; = 0, K == 0 is equal to 90,201 cm.’"^ (= 11.13 v.e.), 
and the spectrum emitted by transitions from the higher to the normal 
state lies in the ultraviolet region, as shown by the values of X (in 
Angstrom) which are attached to the different lines. 

Figure 64 shows the rotational energy levels associated with the level, 
v' = 3, in the upper electronic state, and the level, i;" = 1, in the 
normal state of the H 2 molecule. The values of v on the right-hand side 
are taken from the corresponding values in Fig. 63,^ while the values 

^ The values of the energy levels for H 2 indicated in this and the other figures are 
taken from the extremely interesting paper by C. R. Jeppesen, Phys, Rev.y 44 , 165 
(1933), The Emission Spectrum of Molecular Hydrogen in the Extreme Ultra- 
violet.” 

^ The difference between the values 4162 and 4157 for Pq of the level v" « 1 is of 
no significance in the present connection. 
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under Ap give the total increase in rotational energy (in terms of wave 
numbers) as the quantum number K is increased from 0 to higher values. 
The transitions indicated are those corresponding to the line L in Fig. 63, 
where K' designates the upper levels and K" the lower levels, respec- 
tively. It will be seen that the ‘‘ head of the band, corresponding to 
the transition from X' = 0 to iSC" = 0, has the value p = 89896 (or 
X = 1112 A). This is shown in Fig. 63 as the third line from the left. 



Av V 
503.5 
338.86 
205.92 
105.43 


38.05 

.-^-: 2-?-94053 


1666.92 

1124.35 

684.36 

350.80 


126.68 

. 4157 


Fig. 64. Illustrating transitions between rotational energy levels associated with 
two different vibrational energy levels for H 2 molecule. 


13.2 Vibrational Energy States. For the H 2 molecule in the normal 
state, the equilibrium internuclear distance is Tq = 0.74 A. As the 
molecule acquires increasing amoimts of vibrational energy (due to 
increase in temperature of the gas), this internuclear distance increases. 
Assuming that the restoring force acting on each atom in a diatomic 
molecule AB is proportional to the displacement from the position of 
equilibrium for minimum value of U{r) (Hooke’s law), it is possible 
to derive relations for both the potentid energy as a function of r and 
the frequency of vibration.® 

We shall consider the general case of a diatomic molecule consisting 
of atoms A and B. Let ma and jub denote the masses of the atoms; 
let r denote the distance between the two nuclei for any given vibra- 
tional state, and let ro designate the value of r for U (r) = — D. 

® R. de L. Kronig, “ The Optical Basis of the Theory of Valency,” p. 83. 
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Then, the equations of motion for the two nuclei are as follows (see 
Fig. 65): 

HxSi = k(r — ro) = —k(xi — X 2 ), 
fi^2 = -W - ro) = k;(,xi - X 2 ). 


r 

I 




r 


J 


r.- 


Fig. 66. Illustrating the vibrational motion of two nuclei. 


Hence, 


That is. 


*1 -«2 = 


-*(— + —) {xi - X3). 

Va mb/ 


f = 


- - (r - ro), 
M 


( 2 ) 


MAMB 

where n = ; 

MA + MB 


= “ reduced ” mass of molecule. 


The solution of this equation is 

r — ro = A sin (27r*'of + 5)> 


where 4 is the maximum amplitude, 5 is the phase angle, and 




(3) 


The potential energy function corresponding to equation (2) is evi- 
dently a parabola with vertex at r = ro, the equation for which is 

U(r) = -D+|(r-ro)2. 


Substituting from equation (3), this can be written in the form 

U(fi) — —D + 2(J^wo)Vp^ (^) 

where p — r — to, and vq is replaced by wo, in accordance with the 
notation used in the literature on band spectra. 

This is the function which must be inserted in the S. equation for the 
system in order to determine the discrete energy states. This equa- 
tion, which corresponds to equation (7.7), has the form 

-2 

p*dp\ dpj p^ 


( 5 ) 
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where S = S{p) is the “ radial ” function, X = 0, 1, 2, etc., and a* = 


Put S{p) = -<t>(p). Then equation (5) becomes 
P 


d^<t> 

df? 


K{K + 1)0 
2 ■+ 


a^E - V)4, = 0. 


( 6 ) 


If we substitute for C7(p) from equation (4), and let K = 0, that is, 
consider only the case in which there is zero rotatioml energy, and only 
vibrational energy, equation (6) becomes® 

0 + a^{E + D- 2(7rcoo) V}<^ = 0. (7) 


This equation is evidently similar to equation (5.5) for the linear 
harmonic oscillator, and has as eigenvalues the series defined by the 
relation 

Ey = —D + ho)o{v + ^), (8) 

where v = 0, 1, 2, etc., corresponds to the vibrational quantum 
number. 

It follows that the vibrational energy levels should be equally spaced. 
Actually, the distance between successive energy levels decreases, in 
the case of homopolar diatomic molecules, with increase in v. That is, 
the atoms do not behave as simple harmonic oscillators. The motion 
is said to be of the anharmonic type, with the result that, to a first ap- 
proximation, the vibrational energy must be represented by an expres- 
sion of the form 

Ey = — D + ho)Q{v + ^) — kc<ao{v + (9) 

where x is a constant for any given molecule. 

For £? = 0, that is, when dissociation occurs, it is evident that 
dEyIdv = 0. Consequently, 

0)0 2x(ao{v + ^) = 0 , 

that is, 


®The solution discussed in the following section is that given by P. M. Morse, 
Phys. Rev,f 34, 57 (1929); also in Condon and Morse, ‘‘Quantum Mechanics,*’ 
Chapter V. 
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and 

huo hx(j)Q huQ 

2x ^ 4x ’ 

(10a) 

or 

D ti)o c 

he c® 4woa: 

(10b) 


The right-hand ade of this equation is expressed in such a form as to 
give the value for the dissociation energy in terms of wave numbers. 
Hence, to a first approximation, 

B.--D + J».(r + 0-^(.+0'- 01) 

As shown by Morse, a potential energy function which is in agreement 
with this relation and with the requirement that shall be a minimum 
for p = 0 may be chosen of the form 

C7(p) = -2Df^o + De-2e^ (12) 

where /3 is obtained as follows. 

For small values of p, the last equation becomes 

t/(p) = -D + pVD. 

This evidently has a minimum value U{p) = — D for p = 0, that is, 
the minimum occurs at r = Tq. 

Comparing this with the equation (4) it follows that 

= 27r^MWo, 

and substituting for D from equation (10a), 

^ ^ = 0.2454 VMwo®, (13) 

where 

M = p X 6.064 X 1023, 

= reduced mass in terms of oxygen (atomic mass = 16). 

Now C. R. Jeppesen^ found that, for values of the vibrational quan- 
tum number from v = — ^ to a = 5^, the difference in wave numbers 
between successive levels is given by the relation 

A(?« = 4417.19 - 262.63(v + ^) + 9.34619(« + 0.76(t> -1- D®. (14) 

The values of thus calculated are shown in the column on the 

^ C. R. Jeppesen, he. cU. 
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right-hand side of Fig. 62. For « = 1, AG» = 4161.70, and it will be 
observed that the value of decreases with increase in v. 

More recently H. Beutler® has been able to determine, from observa- 
tions on the lines in the extreme ultraviolet spectrum, values of AG* 
for V — 12, 13, and 14. If the values of AG„ are plotted as ordinates 


against AG» = v, the total increase in wave number from v = 0 

ti-O 

to V, the resulting curve (see Fig. 66) shows that AG« = 0 for 5 = 36,116 
cm.~^. Therefore, this value must correspond to the dissociation energy 
Do of H 2 in the normal state. In terms of energy units. 


n 36,116 

® 8106 


4.455 v.e. 


= 4.455 X 23,055 = 102,700 cal./mole. 



4000 80001200016000 20000 24000280003200036000 

Fia. 66. Plot of Afi„ and intcrnuclear distance (ro) as functions of the wave numbers 
of the vibrational levels for the normal state of Hj. 


From equation (14) it follows that, for v = — J-, AGo = 4352.2.® This 
corresponds to twice the zero-point energy {hvo/2), and therefore one- 
half this quantity must be added to Dq to give D, the minimum value of 
the potential energy U (p). Thus, D = 36,116 -f 2176 = 38,292 cm.~^ = 
108,900 cal./mole. 

* H. Beutler, Z. phydk. Chem., B27, 287 (1934); ibid., B29, 316 (1936). 

* According to Jeppesen the extrapolation to t> = — f gives the best approximation 
to the value of AGo. 
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For H 2 (Af = 1.008), the value of /3 according to equation (13) is 
2.00. Hence the potential energy function for H 2 , as derived from the 
spectroscopic vibrational energy levels, is given, in terms of wave num- 
bers, by the relation 

U(,p) = 38,292(6-^'’ - 2«-2p), (15) 

The following table gives values of 17 (p) for different values of 
r = p + 0.74, in Angstrom units. 


r(A) 

U(p) 

r(A) 

Uip) 

0.34 

+18,997 

1.14 

-26,660 

0 44 

-12,265 

1 34 

19,578 

0 54 

29,062 

1 54 

13,906 

0 64 

36,354 

1 74 

9,664 

0.74 

38,291 

1 94 

6,633 

0 84 

37,075 

2 34 

3,061 

0 94 

34,123 

2 74 

1,390 

1 04 

30,532 

3 74 

192 


Figure 62 was plotted from this data. The ordinates give the 
values of U (p) both in terms of f, the wave number, and in terms of F, 
the corresponding energy in electron volts. The horizontal lines give 
the vibrational energy levels corresponding to the different values 
a = 0 to t; = 12, indicated on the curve. To distinguish D from Do, 
the symbol D* is customary (as mentioned in the previous chapter) for 
the former, which evidently has only a theoretical interest since Dq is 
the experimentally determined value. 

It will be observed that, according.to Jeppesen’s data, 2xuo and wo, 
expressed in wave numbers, are equal to 262.63 and 4352.2 respectively. 

Hence, if we use equation (105), 


(4352.2)^ 

525.26 


36,060 cm. *, 


which is less than the value determined by direct extrapolation to 
AGv = 0. As first shown by R. T. Birge and H. Sponer,^® the latter 
method is the more accurate one for the determination of Dq. 

A potential energy curve similar to that for the normal state can also 
be plotted for any of the excited states for which sufficient data on the 
vibrational energy levels are available. According to Jeppesen, the 
values of A(j„ for the 2 p'£^ state are given by the relation 

AG„ = 1357.302 - 39.9307(p + i) 

+ 1.218487(2; + 5 )^ - 0.0638888(t; + kf, 


R. T. Birge and H. Sponer, Phys. Rev., 28, 259 (1926). 
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while the value corresponding to twice the zero-point enei^ is AGo = 
1347.4 cm.“^ Since the value of 2xwo is 39.931, the calculated value of 
De is (1347.4)2/79.862 == 22,860 cm.-i. 

13.3 Rotational Energy Levels. Let us now consider the solution 
of equation (6) for the case K 9 ^ 0. A solution of this equation has 
been given by C. L. Pekeris,*^ leading to an expression for the energy 
levels in which the effects of rotational and vibrational energies are 
combined. However, it is possible to indicate the significance of this 
more complicated expression without the formal mathematical deriva- 
tion. 

In equation {6,25) it was shown that in a rotating diatomic molecule 
with fixed moment of inertia I the rotational energy levels are given 
by the relation 

Er=:^jK{K+l), (16) 

where K is the rotational quantum number, and I is derived by the 
relation 

I = 1^4, 


where m is the reduced mass. 

Equation (16) is usually written in the form 

Er = BK{K + 1), (17) 

where 

^-Si- 

In the case of H 2 , there are two atoms, each of mass mh = 1.662 X 
10""2* gm. In the state i; = 0, the internuclear distance is 0.74 X 
10~* cm. Hence, 

I = 4.55 X 10~^^ gm. cm. 2 , 

= 1.19 X 10~*^ gm. cm.2 sec.“^, 

and fiv = T" = 60.65 cmr^ 

he 

The latter is to be compared with the value 59.4 derived from the 
plot in Fig. 66. With increase in vibrational quantum number, 

C. L. Pekeris, Phys, Rev., 45, 98 (1934). See also L. Pauling and E. B. Wilson, Jr., 
“ Introduction to Quantum Mechanics,” Chapter X, for detailed discussion of this 
case. 



350 VIBRATIONAL AND ROTATIONAL STATES 


decreases, as shown in this figure, and r© increases in accordance with the 
relation 


= 3.32 X 


l(ri8 


The notation B* is used to indicate that the constant is measured in 
terms of wave numbers and also that the value is a function of the vi- 
brational quantum number. 

According to equation (16), the levels should be equally spaced, if I 
were a constant; but, as in the case of the vibrational levels, not only 
does I vary with v, but also, for a given value of v, the spacing between 
rotational levels varies with change in K. Thus, in the case of H 2 and 
many other molecules, the value of AF, the increase in wave number 
for AK = 1, increases with increase in K, as is evident from Fig. 64. 
Consequently, the actual observations on rotational energy levels lead 
to the semi-empirical relation 


he 


= F = 


1 B 

4 he he 




-}- higher powers of 



(19) 


where F is expressed in terms of wave numbers. 

The first two terms on the right-hand side of this equation evidently 
correspond to the expression in equation (17), while the following 
terms are due to the effect of the vibrational energy. The expression 
deduced by Pekeris, which expresses the combined effects of rotational 
and vibrational energy, is:^^ 


^ = «o (j' + 0 (t' + ^\BJCiK + l) 


where 


- PoKHK + 1)2 - ro 



K{K + 1), 



. [see equation (lOo)]; 


B, 


h 

&tc^Ie' 


. [see equation (18)]; 


L. Pauling and E. B. Wilson, Jr., op, cU., p. 274. 



ROTATIONAL ENERGY L^feVELS 361 


and /3o and 70 are constants, the values of which depend on those of ro, 

(i>o> and D. 

In Fig. 64 the values under A? give the difference in wave number 
of any given level with respect to the imaginary level designated by 
a dashed line, while v gives the wave number of this lowest level with 
respect to the level 5 = 0 for the normal H 2 molecule in state v = 0, 
K = 0. It will be observed that the differences between successive 
levels in both sets increase with increase in K, and that these differences 
for any pair of values of K' (the upper values) are less than for the 
corresponding pair in the set K" (lower levels). 

Although it is possible to have transitions between any pair of vibra- 
tional levels, as shown in Fig. 63, this is not valid for rotational levels. 
According to the selection principle for transitions, only those tran- 
sitions may occur for which AK = ±1. The lines corresponding to the 
transition from K' to K” = K' + 1 constitute the P-branch, while 
those corresponding to the transition from K' to K" — K' — \ con- 
stitute the P-branch. In some cases, for reasons which we need not 
discuss here, lines are obtained for which K" — K'. These then con- 
stitute the Q-branch. 

From equation (19) it is seen that the difference between the level 
K = 0 and the dashed level immediately below it, in Fig. 64, is equal 
to Hence for the state v' = 1, 5^ = 4 X 14.1 = 56.1 cm.“^, 

while for the level v” = 3 in the 
upper electronic state. Bp — 16.9 
cm.“^. According to Jeppesen, the 
values of Bp for the different vibra- 
tional levels associated with the nor- 
mal state are given by the relation 

Bp = 60.8715 - 3.06709(v -|- i) + 

0.068393(1) + ^)2 - 0.0065(1) + 



20 30 40 50 60 

Fipire 67, taken from the original ^ 

publication, shows the variation in normal (1*‘2) and two excited elec- 
Bp with 1) for three different electronic tronic states of Hj. 
states of the H 2 molecule. 

It follows from equation (18) and these plots that r increases with 
increases in v. That is, as the vibrational energy increases, the atoms 
tend to vibrate about positions of equilibrium which are increasingly 
farther apart, and when dissociation occurs. Bp vanishes and ro becomes 
infinitely great. In Fig. 66 there is shown a plot of ro versus P which 
illustrates this conclusion graphically. It will be observed that, while 
the value of ro for » = 0 is 0.75 X 10~®, this increases with increase in 
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V, and the rate of increase becomes greater as the stage of dissociation 
is approached, so that between « = 13 and v = 14, tq increases from 1.49 
to 2.00 X 10~® cm., and becomes infinite^® between » = 14 and v = 16. 

13.4 Orthohydrogen and Parahydrogen. One of the most brilliant 
achievements of quantum mechanics was the deduction by W. Heisen- 
berg^* and F. Hund^® that hydrogen must occur in two forms analogous 
to ortho- and para-helium. These conclusions were supported by the 
observations on the relative intensities of rotational lines in the band 
spectrum of H 2 . D. M. Dennison*® applied the same suggestion to 
interpret the observed decrease in rotational specific heat of hydro- 
gen at very low temperatures. Finally, K. Bonhoeffer and P. Harteck*^ 
obtained direct evidence for the eastence of the two different forms from 
measurements of the heat conductivity, while A. Eucken and K. Hiller*® 
obtained similar evidence from measurements of the heat capacity. 

Since then a great many investigators have interested themselves 
in the physical properties and chemical reactions of the two forms of 
hydrogen. The results of this work have been summarized by A. Farkas 
in a monograph.*® The following remarks are based on the discussion 
in Chapter II of this treatise.®® 

As shown in the previous sections the rotational energy states of the 
hydrogen molecule are given by the relation 

Er^-^jK{K+ 1 ), 

where K designates the rotational quantum number. 

The corresponding eigenfunctions for a rigid rotator, as deduced in 
Chapter VI, are given by the relation 

Like the electron, the proton also possesses a moment of spin which has 
the value ±5 in units of h/2w, but unlike the electrons, the two protons 
in a hydrogen molecule can be either parallel or antiparallel in direction 

The values of B, for » = 13 and v = 14 are taken from the paper by H. Beutler, 

'ivZ. Physik, 38, 411 (1926); 41, 239 (1927). 

“Z. PAy«tfc,42, 93 (1927). 

Proc. Roy. Soc. (London), A116, 483 (1927). 

Nahtnoissenschaf ten, 17, 182 (1929); Z. physik. Chem., B4, 113 (1929). 

Z. physik. Chem., B4, 142 (1929); also K. Clusius and K. Hiller, ibid., B4, 158 
(1929). 

A. Farkas, “ Orthohydrogen, Parahydrogen and Heavy Hydrogen.” 

See also the discussion by the writer in Taylor’s “ Treatise on Physical Chemis- 
try,” Vol. 2, p. 1372. 
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of spin. This is due to the fact that a completely antisymmetrical func- 
tion for the nuclei can be obtained with either direction of spin, and it is 
this phenomenon that accounts for the existence of two modifications of 
molecular hydrogen. 

Let us consider the effect of interchanging the two coordi n ates of the 
two nuclei. Because the two nuclei are identical and symmetrically 
located with respect to the center of oscillation, such an interchange has 
no effect as regards vibrational motion. On the other hand, in the 
rotational eigenfunction e^’’ is altered by a rotation through 180° 
to If Jj[ is even, this leaves the function unaltered, but if iC is 

odd, the function changes sign. Hence, e**’' is a symmetric function for 
even values of K and antisymmetric for odd values of K. 

As in the case of the helium atom and the hydrogen molecule, the 
nuclear spins combine to form three symmetric spin functions, for 
which = ~1) 0, and 1, and one antisymmetric function for which 
= 0. Let tps designate the symmetric spatial function and 
the corresponding antisymmetric function. Then the complete 
eigenfunctions for the molecule are given by the eight functions; 


\f'Aa(l)o(2); 


V2 


,^s(«(l)i9(2) - a{2)m} 

V2 


and 

^sa(l)a(2); 


+ a(2)|8(l)} 

V2 


; fsmm)-, 


^A{«(l)g(2) -«(2)/3(l)} 

V2 


(A) 


(B) 


The group (A) consists of antisymmetrical, (B), of symmetrical 
functions. It is possible, on the basis of experimental evidence, to 
decide which of these two groups actually represents the behavior of 

H2. 

Now observations on the intensities of lines in the band spectrum 
show that the lines corresponding to transitions between odd values of 
K (such as 1— >1; 3— >3, etc.) are three times as intense as those corre- 
sponding to transitions between even values of K (such as 0— >0; 
2-->2, etc.). This observation can be accounted for only by assuming 
that the first three functions in group A represent one modification of 
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H 2 , designated as orthohydrogen (by analogy with orthohelium), and 
that the fourth function in group A represents a second modification, 
designated as parahydrogen. That is, in the latter the nuclear spins 
are antiparallel while in orthohydrogen they are parallel. This is, of 
course, in accordance with the Pauli requirement that the complete 
eigenfunction for an atomic or molecular system must be of the anti- 
symmetrical type. 

Furthermore, the orthohydrogen molecule is a three-fold degenerate 
state. In a magnetic field the three eigenfunctions would correspond 
to three slightly different energy states. Hence, the statistical weight 
of the ortho modification is three times that of the para form; and 
we’l^would expect that ordinary hydrogen should consist of a mixture 
of three parts of orthohydrogen and one part of parahydrogen. This, 
however, is observed to hold only at room temperature and higher, 
because of the following considerations. 

At any temperature T, the thermodynamical equilibrium between the 
two forms is governed by Boltzmann’s distribution law. Let No de- 
note the total number of molecules. The number in the rotational 
state K is given by the relation 

_lK 

Nk = NoPKe 


where pk denotes the statistical weight. Since all para molecules have 
even values of K, and all ortho molecules, odd values, the ratio of the 
two modifications is given by 


0 = 


[P-H 2 ] 

[ 0 -H 2 ] 


T,Pk.( 

K^even 


Ek 

kf 


~Ek' 


ZIpk'* 

X-odd 


kT 


Since px = 2A -f- 1 for even values of K, 

— Z{2K + 1) for odd values of K, 

and Ek=-^^K{K-{-1) = BK{K -1- 1), 


6B 

"kT 


iS = 


1 + 5 € + 9 € + 


20B 

kT 


2B 

"kT 


12B 

kT 


3(3€ + 7€ "'" + ...) 


it follows that 
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Now B = 1.19 X 10*^^^ gm. cm.^ sec~^ (see section 3), and k == 1.371 
X Hence, B/k == 86.7. The values of ^ for different values of 

Tj as calculated by A. Farkas,^^ are shown in the following table. 


T 

deg. K 


Percentage of 
parahydrogen 

20 

544.8 

99.82 

30 

32.1 

96.98 

40 

7.780 

88.61 

50 

3.327 

76.89 

75 

1.077 

51.86 

100 

0.6262 

38.51 

150 

0.3994 

28.54 

210 

0.3463 

25.72 

273 

0.3357 

25.13 

oo 

0.3333 

25.00 


On the basis of quantum mechanics it has been shown that no tran- 
sitions (accompanied by emission or absorption of radiation) can occur 
between the two states. Hence, if ordinary hydrogen is cooled down to 
liquid air temperature, the ratio of para to ortho is not changed except 
in the presence of a catalyst such as charcoal. Similarly, if para- 
hydrogen is once prepared pure it does not change spontaneously as the 
temperature is raised. It is the existence of this phenomenon that was 
used by Dennison to interpret the anomalous observations on the heat 
capacity of hydrogen at low temperatures. 

COLLATERAL READING 

The literature on band spectra is quite extensive. The most recent treatise on 
this subject is that of H. Sponer, ‘‘ Molekiilspektren und ihre Anwendungen auf 
chemische Probleme/’ two volumes, Julius Springer, Berlin, 1936. 

An excellent discussion has also been given by R. de L. Kronio, “ The Optical 
Basis of the Theory of Valency,'' The Macmillan Co., New York, 1935. 

Moreover, the reader will find the topic treated by Rtjark and Urey, “ Atoms, 
Molecules and Quanta," Chapter XII, and by Pauling and Wilson, “ Introduction 
to Quantum Mechanics," Chapter X. 

The papers by C. R. Jeppesen and H. Beutler (see references in chapter) should 
also be consulted. 

Op. dt, p. 14. 



CHAPTER XIV 


VALENCE BONDS; ACTIVATION AND 
RESONANCE ENERGY 

14.1 The Homopolar Bond. In the previous chapter we discussed 
two alternative methods for calculating the energy of binding of two 
hydrogen atoms. The HL method, involving the use of atomic orbitals, 
is relatively simple, but leads to only approximate results; the method of 
molecular orbitals is more complicated, but, as shown by the work 
of James and Coolidge, it is possible by the use of these functions to 
obtain very accurate results. 

For many purposes, especially where only approximate results are 
desired, the relation derived by Heitler and London for the energy of 
the shared-electron bond may be expressed conveniently as the sum of 
two terms in the form 

J + K, (1) 

where J is the Coulomb energy and K is the so-called “ exchange ” 
energy. This relation is essentially the same as equation (12.32), in 
which Eii/(1 -I- ^2) = J, and Ei2/(1 + -S^) = K. Since \K\>\J\ 
and both are negative, Es corresponds to an energy of attraction. 

Furthermore, the Pauli principle leads to the conclusion that, in the 
homopolar or shared-electron bond, the two electrons have opposite 
directions of spin. P’or two atoms with electrons of similar spin mo- 
ment the energy of interaction is given by 

Ea = J-K, (2) 

and since Ea is positive it must correspond to an energy of repulsion. 
Consequently, such electrons have been designated as “ antibonding ” 
in contrast to the “ binding ” type exhibited by two electrons of anti- 
parallel spins. 

Although, as stated previously, the concept of exchange energy is an 
artificial one, resulting from the mathematical arguments, equation 
(1) has nevertheless proved useful in the computation of activation 
energies. In that case it is assumed that Es corresponds to the ob- 
served energy (that is, 100,000 cal., approximately) and that the values 
of J and K are in approximately the same ratio as the terms Eu and 
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Ei 2 in equation (1^.32). Thus Eyring and his associates have assumed 
in some of their calculations that J/K = 1/9, approximately. 

14.2 Interaction of Two Hi Molecules. These considerations are 
of special interest in deriving an approximate value for the energy of 
interaction of two Hi molecules.' At fairly large intermolccular dis- 
tances the forces acting between the molecules are of the van der Waals 
type, and, as shown in Chapter VIII, there is a weak force of attraction 
which varies as 1/r^. The experimental fact that Hi condenses to a 
liquid only at extremely low temperatures and high pressures shows 
that at small intermolecular distances there is a force of repulsion. 

As Penney remarks. 

The repulsive forces come about in quite a different way (than the attractive forces). 
In order to form a stable molecule, two hydrogen atoms interact in such a way that 
there is a piling up of charge density between the nuclei. This gives a stable mole- 
cule because both electrons spend an appreciable amount of their time in the region 
where both nuclear fields are large. Thus, if two hydrogen molecules approach one 
another, neither has enough electronic charge density in the region between any 
two protons that come together to counter-balance the repulsive forces, and the 
molecules therefore separate again. A more precise argument in terms of spins 
and energy integrals is as follows. We have seen that in order to form a stable H 2 
molecule, the spins of the two electrons must be coupled to give a resultant zero. 
If the spins are coupled to give a resultant unity, a state with statistical weight 
three, strong repulsion occurs. Consider the relative orientations of the spins of two 
electrons located in different H 2 molecules. On the average, the two spins will 
behave as if they were coupled in a singlet state (Sm, = 0) for one-quarter of the 
time, and in a triplet state = ~1, 0, +1) for the remaining three-quarters of 
the time. 

Consequently, the energy of interaction -®(H 2 ) of two hydrogen atorm 
in different molecules is given by the relation 


E(H2) = 


3Ea “h Es 3t/ — 3K + «/ + jfiC 


It should be stated that this relation is valid only as long as the inter- 
molecular distance is at least two or three times the intemuclear distance 
in the molecule. 

By means of the Morse curve which expresses as a function of 
intemuclear distance (see equation IS.12) it is evidently possible, with 
an assumed value for the ratio J/K, to calculate JB(H 2 ) as a function 
of intermolecular distance. 


^ W. G. Penney, “ The Quantum Theory of Valency,” p. 21. 
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14.3 Paulite’s Theory of Directed Valence Bonds. Though Heitler 
and London showed that, on the basis of their theory of thehomopolar 
bond, it is possible to account for the observed valences of the elements 
of the first two periods,® little or no attention was paid in this early 
work to the problem of directed valence bonds. The first successful 
efforts to treat this topic by the methods of quantum mechanics were 
those published by J. C. Slater® and, independently, by L. Pauling in a 
series of papers published since 1931.* Further investigations on the 
structures of specific molecules, such as H2O and CH4, have also been 
published by J. H. Van Vleck,® as well as by W. Heitler, E. Htickel, 
and G. Rumer.® 

On the whole, the method used by L. Pauling, especially in his first 
papers on this topic, is more “ physical ” in the sense that it relies to a 
large extent on a geometrical interpretation of the significance of elec- 
tron eigenfunctions in the formation of bonds. Even though some of 
the conclusions reached by PauUng may not prove to be sufficiently 
well founded, his method of attacking the problem of valence bonds is 
certainly extremely suggestive, and it is largely for this reason that 
the topic has been discussed in the following sections. Slater’s method 
is more quantitative, inasmuch as it leads to approximate methods for 
calculating both the direction and energy of bond formation. For this 
reason, however, it presents greater mathematical difficulties, and the 
calculation becomes extremely tedious when dealing with polyatomic 
molecules. While Slater, Pauling, Eyring, and other investigators have 
developed “ short-cut ” rules by which roughly quantitative results 
can be deduced without too much labor, it is possible, in this chapter, 
to touch only upon the simplest aspects of the methods of solution 
used by the different investigators. 

In his first paper, Pauling introduces the following six postulates 
which are to be used as a guide in the determination of relative energies 
and directions of different bonds in molecule formation. The first three 
are merely a restatement of the HL theory: 

* See discussion by J. H. Van Vleck and A. Sherman, Rev. Modem Phye., 7, 167 
(1935), especially pp. 196-197. The abbreviation V.V.S. will be tised in subse- 
quent references. This topic has also been discussed by the author in “Treatise 
on Physical Chemistry,” by H. S. Taylor, Vol. 2, pp. 1369-1372. 

» J. C. Slater, Phys. Rev., 87, 481; 88, 1109 (1931). 

^L. Pauling, J. Am. Chem. Soc., 68, 1367 (1931). 

* References given by V.V.S. 

‘The mathematical technic used by these investigators is quite complex, but 
the results obtiuned are not essentially different from those deduced by Slater and 
Pauling. 
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1. The electron-pair bond is formed through the interaction of an unpaired elec- 
tron on each of two atoms. 

2. The spins of the electrons are opposed when the bond is formed, so that they 
cannot contribute to the paramagnetic susceptibility of the substance. 

3. Two electrons which form a shared pair cannot take part in forming additional 
pairs. 

To these Pauling adds three more rules which are justified by the 
qualitative considerations of the factors influencing bond energies.’^ 

4. The main resonance (exchange) terms for a single electron-pair bond are those 
involving only one eigenfunction from each atom. 

5. Of two eigenfunctions with the same dependence on r, the one with the larger 
value in the bond direction will give rise to the stronger bond, and for a given eigen- 
function the bond will tend to be formed in the direction with the largest value of 
the eigenfunction. 

6. Of two eigenfunctions with the same dependence on 6 and <I>J the one with the 
smaller mean value of r, that is, the one corresponding to the lower energy level for 
the atom, will give rise to the stronger bond. 

Lot US consider the application of these rules to the determination of 
bond directions in such molecules as H2O and NH3. According to the 
Lewis-Langmuir theory of valence these molecules are represented as 
H:0:H and H:N:H, respectively. The electron in a normal hydro- 
H 

gen atom is in the Is (n = 1, i! = 0) state. The electron configurations 
of N and 0 in the normal state are (2s)^(2p)^ and (2s)^(2p)^, respec- 
tively. The 2s electrons are paired and therefore do not take part in 
bond formation (except when a change occurs in quantization of the 
electron eigenfunction owing to bond formation, as will be discussed 
subsequently). Hence the electrons which act in bond formation in the 
case of N and 0 are of the type 2p (n == 2, J = 1). 

Now, as Pauling points out, s and p eigenfunctions with the same 
value of n, do not differ very much in their mean values of r, but their 
dependence on 6 and is widely different.'^ 

For s eigenfunctions, <f>) == Sno(^) • </>). 

For p eigenfunctions, ^ni(r, 0, (t>) = Sni{r) • p{d, <l>). 

The s eigenfunction is spherically symmetrical, and from Table 2, 
Chapter VII, it is seen that the normalized function has the form 

0) == Xooid) • Zo(0) = 

V 47r 

^ The symbol 0 will be used in this chapter for the angle rj used as variable in 
Chapter VI and subsequent discussions. 
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There are three p eigenfunctions : 


P<r(», <l>) 





• cos 0, 


Pr+ (®> <t>) — Xii(d)Zi(<l>) = 
Pr- <t>) = Xi^^i(6)Z_i{<f>) = 


sin d 


-Vl> 


V2 


sin 6 




V2 


Since and Pr- are complex, it is desirable to replace them by 
real functions which can be represented as functions of the rectangular 
coordinates x, j/, and z. 

Replacing by (cos 0 zfc i sin 0), we obtain the real functions: 


Px = Vi • sin 0 • cos ^ 
Py = Vs • sin • sin ^ 
p* = Vs • cos 6 


( 4 ) 


as compared with the eigenfunction 

s = 1, 

where the factor l/Vir has been discarded, since we are interested only 
in relative magnitudes. 

It will be observed that p, is identical with p, and that 
pI + pI + Pz = pI+ + pI- + P% 


z z 



**1 I^Hf^sinOcos^ 

Fio. 68. 8 and p eigenfunctions (Pauling). 


For 0 = 0, p* = Vs sin and p„ = 0. Thus, Vs sin 6 represents 
a section of the spherical function p* in the xs-plane, in which it has its 
maximum value for any given value of d. As shown in Fig. 68 this 
function is represented by two circles in contact at the origin and each 
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of diameter Vs units, as compared with the s eigenfunction which, on 
the same scale, is represented by a circle of unit radius.® 

Thus 1 Px I consists of two spheres, with the long axis in the direction 
of the a:-axis. The similar functions [ Py | and | pz 1 have their long 
axes in the direction of the y- and 2 -axes, respectively. In Fig. 38, 
Chapter VII, the distribution functions are shown corresponding to these 
three p eigenfunctions. From Rule 5,'^ as Pauling observes, ** we 
conclude that p-elecirons will form stronger bonds than s-electrons and 
that the bonds formed by p-electrons in an atom tend to be oriented at right 
angles to one another 

Van Vleck and Sherman® state the argument for this conclusion as 
follows: 

I^et us suppose there is an electron-pair bond between an s electron of some 
attached atom and the pax electron of the central atom. Then the exchange energy 
associated with this particular pair is greatest if the attached atom lies on the a;-axis, 
since the exchange integrals will clearly be largest in absolute value if the wave func- 
tions of the two atoms overlap as much as possible. This requirement clearly de- 
mands that the attached atom be located on the axis of the dumb-bell associated 
with the particular electron of the central atom with which it is paired. 

If a second atom is brought up, and if the pairing between p* and the first attached 
atom is not broken, then clearly the only possibility is for the second atom to pair 
with one of the other wave functions, py or p^, so that it will become located on the 
2/- or z-axis. Hence in a molecule such as H2O the angle between the two OH axes 
should be 90°. The experimental value is 106°. The departures from 90° are to be 
blamed upon repulsions between the attached atoms and upon sp^ hybridization. 
Similarly, if the first two atoms have preempted the x and y directions a third atom 
tends to become located on the z-axis, so that in a molecule like NH3 the three NH 
axes should make angles of 90° with each other. The NH3 molecule is then pyram- 
idal in structure, each axis making an angle of 64.7° with the axis of the NH3 
pyramid. The experimental value is 67°, and the discrepancy is to be attributed to 
the same causes as in H2O. 

14.4 Change in Quantization of Bond Eigenfunctions. In the case 
of a normal carbon atom, with the electron configuration (known 

spectroscopically as state) there are only two unpaired electrons, and 
this would account for the double bond in C: :0. Only about 1.6 v.e. 
of energy (36,900 cal./mole) is required to excite one of the 2s 
electrons to a 2p state, and this would give three unpaired p electrons 


® This follows from the following simple consideration: 

For any point on the circle, the distance from the origin is given by r = -j- 

Let D denote the diameter of each circle. Then it follows from the properties of any 
triangle inscribed in the circle on D as a base, that 


and 


y/x^ 4 “ 

D 


L 

d' 


» V.V.S., op. cil, p. 199. 
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and one unpaired s electron, thus accounting for the valence of four 
as in CH4. But, since the s bond is not a specially directed one, this 
answer cannot be sufficient. A much more satisfactory point of view 
is the introduction by Pauling of a new concept — that of “ hybridiza- 
tion ” of eigenfunctions to form combination functions which take the 
place of the single electron functions. Thus, in the case of the forma- 
tion of CH4, if the energy of interaction per H atom is greater than 
the difference in energy of the electron in the 2$ and 2p states, then the 
interaction will cause the electron to be “ promoted ” and now we 
must consider each bond as being formed by the grouping together of 
hydrogen-like s and p eigenfunctions. As Pauling points out this cri- 
terion is satisfied for quadrivalent carbon, and he therefore proceeds to 
determine the zero-order eigenfunctions “ which will form the strongest 
bonds for the case when the s-p quantization is broken.” He assumes 
that the four bonds are each represented by one of the fom combina- 
tion eigenfunctions: 

'i'i = a,s -f- hipx + CiPy + d,p*, (5) 

where i = 1, 2, 3, or 4, and the coefficients are subject to the orthog- 
onality and normalization requirements*® 

J* 'i^dr = 1 or o? + 6? + c? + df = 1, (6) 

and 

J * = 0 or a^aje + + Cj-Ct d,-di = 0, (7) 

where i 7^ k, and i,k = 1,2, 3, 4. 

For a single bond, we can choose the direction arbitrarily. If we 
take it along the a:-axis, for which Py = Pz = 0, the corresponding eigen- 
function has the form 

4'i = ois -I- bip*. 


The maYinuim value of this function is evidently 

M = (^l)max. = O -h 6V3 

(where the subscripts may be discarded). 

Also since + 6® = 1, 

M = Vl - + bVd. 

This point is discussed in a footnote in the paper by V. V. S., p. 202. Equation 
(7) is valid if the functions s, p*, Py, and pg are mutually orthogonal. 




This has a maximum value M = 2, which is considerably greater 
than the value 1.732 for a pure p eigenfunction. 

Figure 69 shows a graph of this function in the 
xz-plane. 

A second bond function may be introduced 
in the same plane, of the form 

^^2 = azs + b2Px + d2Pz 

— 02 — h 2 \/Z sin 6 + d 2 ^/Z cos $. Fio- 69- Tetrahedral sp 

eigenfunction (Pauling). 

The negative sign is due to the fact that for 
this bond cos must be equal to —1 as compared to the value +1 for 
in the xz-plane. 

Applying the condition for normalization and the additional require- 
ment 

o\02 H" &162 ~ 0> 

it is readily shown that 

^^'2 = 62V^(1 - sin 9) -h Vl - 4blV3 cos 6. 

This will have a maximum value M = 2 for definite values of 6 and 
62> such that d'^ 2 /db 2 = 0 and d'^ 2 /dB — 0. From these conditions it 
follows that 

sin 0 cos 0 = — ^; <^ = 180°, 0 — 19° 28'. 

That is, the second bond eigenfunction makes an angle of 109° 28' with 
the first, “ which is just the angle between the lines drawn from the center 
to two comers of a regular tetrahedron.” The actual expression for the 
bond function has the form 

r 1 1 . 



( 9 ) 
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By similar methods it may be shown that the third and fourth eigen- 
functions are 


’*’3 2® 

1 

. 1 . 

1 

(10) 


‘v'e’’” 

1 

1 

1 

1 

(11) 

^‘-2* 




which are directed toward the other two comers of the tetrahedron. 

Pauling also points out that an equivalent set of four tetrahedral 
eigenfunctions is 

^lu = i(s + Px + Pu + Pz), 

4'm = -Ks + Px-Py- Pz), 

’^iii = his-px + Pv- Pz), 

4'ril = l(s -Px-Py+ Pz), 

which differs from the previous set by a rotation of the atom as a whole. 

“ T his calculation,” as Pauling remarks, “ provides the quantum 
mechanical justification of the chemist’s tetrahedral carbon atom, 
present in diamond and all aliphatic carbon compounds,” as well as for 
a number of other tetrahedral atoms and ions. Furthermore, since 
“ each of these tetrahedral l)ond eigenfunctions is cylindrically sym- 
metrical about its bond direction, the bond energy is independent of 
orientation about this direction, so that there will be free rotation aboiii 
a bond.” On the other hand, there can be no free rotation about a double 
bond. 

The reader will be well repaid by studying further Pauling’s original 
paper upon which the discussion has been based, as well as his subse- 
quent papers. There is a wealth of material there which is of great 
significance for the quantum mechanical interpretation of directed 
valence bonds. 

14.6 Slater’s Treatment of Polyatomic Molecules.*^ The problem 
which Slater has attacked is that of calculating the electronic energy 
states of molecules from a consideration of the interaction of the atomic 
orbitals. The calculation is essentially an extension to three or more 
atoms of the method of secular equations discussed in section 12.5. 
Starting with one-electron wave functions which involve coordinates 
both of position and spin, zero-order wave functions are built up which 
are antisymmetric in the electrons (in accordance with Pauli’s principle). 

“ J. C. Slater, Phys. Mi., 88, 1109 (1931). 
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Let ’Fi, '*'2 . . • ’5't denote such combinations. If H is the Hamil- 
tonian operator of the problem, then the secular equation to be solved 
for the energy is of the form 


where 


Hii — Edii, H\2 ~ Edi2, • . • Hu — Edu 
H 21 ~ Ed2i, H 22 — Ed22, • • • H2i — Ed2t 


Hii — Edti, Hi2 — Edx2, . . . Hii — Edii\ 



( 12 ) 


(13) 


and Eu ^2 • • • ^3 represent the roots of the equation. 

The degree of the secular equation will not exceed N^, where N is the 
total number of electrons, although it is usually possible to separate it 
into a number of equations of lower degree. 

Instead of attempting to review Slater’s rather lengthy paper in terms 
of general statements, it will be more instructive to consider in detail 
the method used in the solution of one particular problem. Moreover, 
the problem we shall discuss is of importance in connection with the 
treatment by H. Eyring and M. Polanyi of the topic of activation 
energy. 

liCt us consider the interaction of three atoms, each containing a single 
electron in the s state. We can assign a one-electron wave function to 
each atom and we shall denote these hy A, B, and C. Each of these is 
a function of three coordinates of position, and one of spin. Let the 
coordinates (of position and spin) of the first electron be denoted by 1, 
of the second by 2, etc. An approximate fimction which might be a solu- 
tion for the unperturbed state of the system is the product of the 
individual one-electron functions of the form A(l) B{2) C(3) or A{2) 
/f(l) C(3). However, there is one combination of all the different 
possible permutations of the functions which is the only function that 
is antisymmetric in the electrons. This has the form 

, A(l) A{2) A (3) 

'F =-^ B(l) B(2) 5(3) • (14) 

(7(1) C(2) C(3) 

If there were no electron spin, this would be the only antisymmetric 
eigenfunction, and there would be only one corresponding eigenvalue. 
However, in the present case we must take into account the fact that 
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each electron may have either positive or n^ative spin. Hence, there 
will actually be 2® = 8 different possible eigenfunctions and 8 corre- 
sponding eigenvalues. These states are indicated in the following 
table by Roman numerals, where a designates the part of the function A 
depending on the coordinates of position, and similarly h and c, while 
the two spin functions are indicated by + and — . The last column 
gives the total spin. 



Spin 

Spin 

Spin 

Total 


of a 

of b 

of c 

spin 

I 

+ 

+ 

4 

1 

II 

+ 

+ 

- 

i 

III 


— 

+ 


IV 

— 

+ 

+ 


V 

— 

— 

+ 

-1 

VI 


+ 

- 

-1 

VII 

4- 

— 

— 

-I 

Vlll 

- 

- 

- 

-I 


“ States I and VIII give,” as Slater points out, “ two of the four 
states of the quartet. II, III, IV give a cubic, one of whose roots gives 
another state of the quartet, and the other two roots give the two 
doublets. Similarly, V, VI, VII yield the fourth state of the quartet 
and the other two states of the doublet.” 

The antisymmetric eigenfunction corresponding to state I is evi- 
dently of the form 




1 

y/z\ 


jaitti a20L2 dsot^ 
bioti 62^2 > 

^2^2 ^3^3 


(15) 


where oi designates the part of the function Ai depending on the coordi- 
nates and the part which involves the spin. We shall use a and /3 
to correspond to -f and — directions of spin, respectively. 

Similarly, the functions for states II and V are given by 


and 


'i'll 


1 

Vdl 


tl2^2 030(3 
biai b2C(2 bzas » 
Ci/3i C2^2 C3P3 


'J'v 


J <* 1^1 02P2 03^3 
biPi 62^2 
Ciai C2a2 C3«3 


(16) 


(17) 


The eigenfunctions for the other states can be written down in a simi- 
lar manner. 
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We now have to consider the form which each matrix element will 
assume in the secular equation for calculating the energy states. The 
energy operator for a molecule with three fixed nuclei and three electrons 
has the form 


H = - 


JL 

8?rV 


V5-S 




2 

a/3 


ZgZ^e^ 

rap 


+x 


( 18 ) 


where the summations over i and j refer to the electrons, and those over 
a and refer to the nuclei. The Z^s represent the nuclear charges, 
and the r^s the distances of separation. 

We have in addition the fact that each function a, 6, or c satisfies a 
one-electron S. equation 

~ 5^ ~ 

ov ti 


where Va is the potential function for the one-electron problem and 
the energy value. If we substitute this into the operator H, we obtain 
the relation 

HiaM = \XiEa -Va)-X~ 

+2— (19) 

ajS 1} 

The matrix elements which must be formed from the functions 
^ii, • • • ^viii are of two types; 

(1) those of the form Hi, i or di, i, 

and 


(2) those of the form Hi, u or di, n, 
where 

Hi, I = J* "^iH'^iidrdco)^ f 
di^i — 

and similarly for Hi, n and di, n. The element of volume in coordinate 
space is designated by dr, and the element in spin space by dw. 



Let us consider first the integral of the second type 
■ffi, n ~ J* '^iH’9ii(dTd<a)^ 


3! 


± P(Oi 62 C 3 « 1 « 2 « 3 )} {Z ± P(ai62C3«l«2|93)} (drdw)®, 


where the symbol P denotes a permutation of the functions o, 6, c over 
the three electrons, and the ± sign is used, depending on whether the 
permutation is even or odd. Since H is symmetric in the electrons, it 
follows that each term of the first summation yields the same result, 
and since there are just 3! = 6 terms, we can write 


l/i, II = J* {a\b2Czotia2pt2i)H {2 i P(®i&2C3«i^2/33)} (drdu)^ 


There are six terms in this summation. One of the terms, taken 
at random, has the form 




If we assume that there is no interaction between the spin part of the 
wave function and the coordinate part, then we can write this in the form 


Now 

while 


= J* {aib2C3)H {biCsPa) (dr)®^ a2|32dw. 
J* aidu = J* ^\d(a = 1 where i = 1, 2, or 3, 

^ aiPidu = 0. 


Hence 1 = 0, and for the same reason, every term in Hi, n must be 
equal to zero. Also it follows that di, n = 0. This conclusion may 
be stated in the more general form, that mairix elements involving eigen- 
functions belonging to different values of the toted spin are equal to zero. 

We shall now introduce a convenient notation used by Slater. In- 
stead of using the subscripts 1, 2, or 3, he indicates these by the order 
in which the functions a, b, and c are written. Furthermore, the inte- 
gral sign and element of volume are omitted, so that we have 

J* (aibzCi)!! (bic^z) (dr)® s (abc/H/bca), 

J* (dibzCs) (&iC 2 a 3 ) (dr)® = (o6c/l/6co). 
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The corresponding integral over both dr and dw will evidently vanish 
identically unless a, b, and c have the same spin. 

We can now proceed to calculate the different matrix elements in the 
secular equation for the problem under discussion. Let us consider the 
element 


J (o6c)H{2:±P(a&c)}(dT)®. 

There are six terms, of which three are positive and three negative, as 
is readily seen from an inspection of the expression in equation (15) for 
'J'l. These terms are as follows : 


abc 

— c6a 

bca 

— ac6 

cab 

—hoc 


Therefore, 

Hi, I = (abc/H/abc) + (abc/H/bca) + (abc/H/ccd)) 

— (abc/H/cba) — (abc/H/acb) — (abc/H/bac), (20) 

and 

di, I = (a6c/l/a6c) + (a6c/l/6ca) + (abc/l/cab) 

— (abc/l/cba) — (oi>c/l/ac6) — {abc/l/bac). (21) 

Since Hi, n = Hi, m, etc. = 0, and similarly for di, n, etc., it follows 
that the first row in the secular determinant is 

Hi, I — di, lEi = 0, 

while the eighth row is 

Hviii, VIII — dviii, viiiHi = 0, 

where Hi, i = Hvin, viii, and di, i = dym, viii. Consequently, Ei 
gives the energy of two of the four states of the “ quartet.” 

That is, 

Hi=^- (22) 

di, I 

It is of interest to consider the significance of the various terms in 
Hi, I and di, i. 

Evidently, 


(o6c/l/o6c) = 1. 
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Also {abc/H/dbc) is a Cordonib integral, ance [according to equation 
(19)] it represents the sum of Coulomb interactions between all pairs of 
electrons in the three atoms. 

A term such as {abc/H/acb) in which two of the functions are inter- 
changed represents an &cchange integral (in this case between b and c) 
such as Heitler and London found in the interaction of two hydrogen 
atoms. If the functions on the two sides of the operator H differ by a 
cyclic permutation of three electrons, as in (abc/H/cab) the resulting 
integral is zero, if the functions are orthogonal. But even if the func- 
tions are not quite orthogonal, integrals of this type have much smaller 
numerical values than the simple exchange integrals and may therefore 
be neglected in a first approximation. 

Thus, if we consider the case in which one atom, say c, is at a distance 
from the other two atoms, so that the only permutations that count 
are those between a and b, 

_ (ab/H/ab) - (ab/H/ba) ^ 

^ I —{ah/ 1/ba) 

which is the enei^ corresponding to the antisymmetricaleigenfimctionn^ 
in the Heitler-London theory. [See equation {12M).\ 

Passing to the consideration of the other matrix elements, we obtain 
the result 

Hii. n = (abc/H/dbc) — (abc/H/bac). (23) 


The absence of other terms is due to the fact that we will have non- 
vanishing terms only in those cases in which o and b (functions with 
similar spin) are interchanged. All terms in which o and c or 6 and c 
are interchanged will vanish. By similar arguments it may be shown 
that 


HI = (abc/H/abc) — {abc/H/dm) 
Hiv, IV = (dbc/H/abc) — (dbc/H/acb) 
Hu, III = (abc/H/cab) - (abc/H/acb) 
Hui,iy = (abc/H/cab) — (abc/H/bac) 
Hu, IV = (abc/H/cab) — (abc/H/cba) 


(24) 


As Slater points out, “ The matrices of unity are just the same with 
1 substituted for H. In the last formula, we have used the fact that 
(dbc/H/bca) = (abc/H/cab). This follows from the following two 
steps: (dbc/H/bca) = (cab/H/dbc), since from definition we can make 
any permutation of the first set of indices, if only we make an identical 
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permutation of the second set at the same time; and (cdb/H/abc) — 
(abc/H/cab), since the matrices are Hermitian and real.” 

The resulting cubic equation is of the form 

Hu, ii — dii, ii-Ej Hu, in — dii, iii^, Hu, iv ~ <^ii, ivE 

Hiu, n — dm. uE, Hm, m — dm. mE, Hui, iv~ dm. lyE 

Hiv, II — div, uE, Ihv, m — div, iiiE, H\y, ly — djy. i\E 

= 0. (25) 

Instead of attempting to solve this equation, Slater adopts a method 
which has been used successfully by other investigators subsequently. 
Such linear combinations of the fimctions 'Pn, ^m, and ’Piv are chosen 
as will transform the determinant into the form 

Hdd ~ ^ddE 0 0 

0 Haa — dAA E Hab — dAB E 

0 Hab ~ dAB E Hbb ~ dsB E 

In this particular case the new functions A, B, and D are defined as 
follows 

A = (Pii - Pm) 

B = — (Pm — Piv) 

V3 

Slater also introduces a fourth function 

C = (^iv - ^ii). (28) 

It is evident that these four functions are not linearly independent, 
since A + B + C = 0, The advantage inherent in the transforma- 
tion arises from the fact that each of the functions A, and C repre- 

^^The italics have been introduced by the writer. The reader will find it 
easier, in the beginning, to verify the relations given for the different matrix ele- 
ments by direct expansion of the products of two determinants, such as those for 
'i^ii and ^m. The main point is that, wherever a product such as ajft occurs, the 
corresponding term vanishes. This accounts for the fact that only two terms occur 
in each of the matrix elements, in the group of equations ( 24 ). It will be recog- 
nized that these terms are of either the Coulomb or exchange type. 



= 0. (26) 
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sents a bond eigenfunction. Thus A corresponds to the interaction of 
atoms b and c, J5 to that of a and b, and C to that of c and a. The 
total spin in each of these cases is while in that of D, the total spin is 
I-. Therefore, if the determinant is set up in terms of D and any two 
of the functions A, B, and C, it must have the form indicated in (26), 
since, as deduced already, matrix elements between functions corre- 
spon ding to different values of the spin vanish. The result is that 
the determinant may be factored into a quadratic and a linear equa- 
tion. The latter gives the energy of the other term of the quartet, 
E = Huo/doD, while the quadratic yields the energy values of the 
two doublet levels. 

Since J? + C = 0, we obtain the result 

Haa + Hab + Hac = 0 , 

Bab + Hbb + Hbc = 0, 

Bac + Bbc + Bcc = 0- 

By eliminating from these equations, we derive the relation 
Bab = i^Bcc — Baa — Hbb), 

which enables us to express the non-diagonal terms in (26) in terms of 
the diagonal elements. The latter are readily calculated. Thus, 

Baa = 2('^ii ■“ ■4'in)^f(^ii — ’*'in) 

= §(^^11, II + ^iii. III ~ 2/fii, ni) 

= (abc/H/dbc) + [abc/H/acb) — (abc/H/cab) — 

^{(abc/H/bac) -j- (abc/H/cba)}. 

In a similar manner we can write down the expressions for Hbb and 
Hoc and, consequently, for Hab- If we assume that the functions 
II, III, IV are approximately orthogonal, then we have the relations 
d-AA = dBB = dec — 1> and the resulting expression for the energy of 
the doublets is given by 

E = (abc/H/abc) — (abc/B/cab) ± [(abc/H/acb)^+ 

(qbc/H/bac)^ -f (abc/H/cba)^— (abc/H/acb) (abc/H/bac)— 
(abc/H/acb)(abc/H/cba) — {abc/H/bac){abc/H/cba)]^. (29) 

In order to analyze the physical significance of this result, let us con- 
sider the three univalent atoms a, b, and c (each having a single s 
electron), arranged at the comers of a triangle. Let rab, etc., designate 
the distances between each pair of atoms; and let Cab, etc., designate 
the total enei^es of binding of the corresponding pair of atoms. Usmg 
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equations (1) and (2), we can express these energies in the form 

6ab = C'oft ± y, 

Cbc — Cbc i «> 

6ca ~ Cca i ft 

where Cab correspond to the Coulomb energy and y to the exchange 
energy, with similar interpretations for the other symbols. 

Each term, such as Cab or y, is a function of the intemuclear distance 
Tab, as long as the atom c is infinitely removed. We may express the 
energy in the form 

Cab = (ab/H/ab) db {ab/H/ba). 

Without changing the values of the terms, we may also write this in 
the form 

e®j, = {abc/H/abc) ± (abc/H/bac), 

where the presence of atom c at a considerable distance from o and b 
is indicated formally. 

In a similar manner we may express the binding energies and 
But now let us consider what happens to the value of e^b when c is nearer 
to a and b. In that case, the energy of the system is represented by E 
in equation (29). In the latter, the first term 

(abc/H/abc) — Cab + Cbc + Cca- 

The second term in equation (29), (abc/H/cab), which is due to the 
cyclic permutation of the three electrons, is known as a multiple ex- 
change integral, and its actual value is small compared to the single 
exchange integrals, such as (abc/H/bac). Hence, it may be neglected 
for most purposes. 

Evidently (abc/H/acb) = a, since it corresponds to the exchange 
energy for the molecule be with a completely removed. Similarly, we 
have the relations 

(abc/H/bac) = y, 

and 

(abc/H/cba) = /3. 

Consequently, we can write equation (29) in the simplified form 
Edbc = Cab + Cbc + Cea ± («^ + y^ — afi — fiy — ya)^. (30) 

As shown in the discussion of the HL theory, both the Coulomb and 
exchange energy terms are negative for all ranges of values of inter- 
nuclear distance of practical interest. Hence, Cab + y corresponds to 
attraction, and since 1 7 1 > | Cab |, Cat — 7 corresponds to repulsion. 
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For a similar reason, the positive sign in equation (30) must be used 
to indicate attraction, and the negative sign for repulsion. 

14.6 Method of Localized Pairs. The procedure described in the 
previous section is obviously quite tedious. For calculating the shapes 
of molecules and activation energies Pauling and Van Vleck have 
developed a modification of Slater’s method which is more convenient 
to use. Although results obtained in this manner are only very rough 
approximations, nevertheless they are of sufficient significance for the 
purpose of physical interpretation. 

This method has been designated as that of localized pairs by 
W. G. Penney, and as that of valence-bond wave functions by Pauling 
and Wilson, The method is essentially similar to that described in a 
previous section in connection with Pauling’s treatment of directed 
valence bonds. Van Vleck has also dealt along the same lines with the 
problem of the structure of CH 4 and H 20 .^^ 

As an illustration of the application of the method of localized pairs, 
let us consider the interaction of an atom C with the molecule A5, the 
problem which has been discussed in the previous section. We shall 
assume that the atoms A and B are bound by a shared-electron bond 
(two 8 electrons of opposite spins) and that C contains a single s elec- 
tron in the valence shell. 

Let us now bring up atom C to the molecule AB in a line at right 
angles to the axis of the molecule. Then each atom in the molecule 
interacts with the atom C, and the magnitude of this interaction energy 
is given, according to equation (3), by the relation 

Eca + Ech = Cca “■ 2 2 ' 

Hence, the total energy of the system (in the lowest state) is given by 

P^-C^ + 1 + C„-i+Ca-^ 


-2c + 7-^- (81) 

In a similar manner we obtain, for the interaction of the atom A 
with the molecule BC, the total energy 

Et.^-Zc + a-(i^). (32) 

For details see W. G. Penney, op. dt.. Chapter IV, and J. H. Van Vleck and 
A. Sherman, loc. cU. 
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and in the case of atom B and molecule AC, 

These three relations obviously represent the limiting cases for the 
energy of a system of three atoms arranged at the comers of a triangle, 
with the three interatomic distances approximately the same. We are 
interested in deducing from equations (31), (32), and (33) the energy 
of this latter system. 

Now in equation (31) the terms a and /3 are small compared to y, 
and therefore we can write this relation in the form 

Eh = 2 ^^ + + ( 34 ) 

where the right-hand side is derived from the expression in the center 
by omitting the terms + j8^)/4 and ai3/2, under the radical sign. 

For E^c ^ac similar relations can be deduced, and since Eabc 
must involve the exchange energy terms symmetrically, we obtain the 
relation 

Eabc = ZO - [M(« - /3)* +{P- y? +{y- «)*#, (35) 

which is identical with equation (30), except for the sign.*^ The 
db sign in the latter arose from taking into ac- 
count the spin degeneracy. The negative sign 
is used in equation (35) to indicate that we 
must use the negative values of the square 
root, since this will yield the lowest (most 
stable) energy state. 

In a similar manner we may deduce the 

potential energy of a system of four univalent interaction ener- 

atoms with only spin degeneracy. In Fig. 70 gjeg of four atoms, 
let A, B,Cf D denote the four atoms, arranged 
so that the interatomic distances are approximately the same. From 
these four atoms it is evidently possible to have the following three 
pairs of diatomic molecules: 

AB AD AC 

CD BC BD. 

Let a, pf 7 , 8, €, and f designate the exchange energies for these mole- 
cules as indicated in Fig. 70. As in the discussion of the three-atom 

More rigorous methods for deriving equation (36) are given by W. G. Penney, 
op. cit, p. 77, and by Van Vleck and Sherman, loc, cit. 
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problem, we obtain the relation 

= 2^^+ (/3 + «) -(^) - 

and similar relations for and E^, in which the three expressions 
(a + y), (j3 + S) and (e + f) occur symmetrically. 

By analogy with equations (31) and (35) it follows that the energy 
for the lowest state of the four-atom system is given by the relation 

E = EC + [i{(a + 7-13-5)^+ + 

+ (f + t - 01- t)^}]*. (36) 


14.7 Activation Energy. As first pointed out by F. London,^® equa- 
tions (35) and (36) lead to a method for calculating the activation 
energy of chemical reactions from a knowledge of the potential energy 
(Morse) curves for the molecules involved in the reactions. This point 
of view was adopted by H. Eyring and M. Polanyi^® in the considera- 
tion of some simple gas reactions and has since then been extended 
by the former and his collaborators to the interpretation of a large 
number of chemical reactions.^’' 

The activation energy (Ea) of a chemical reaction is determined from 
the temperature variation of the velocity constant k by the Arrhenius 
equation 


dlnfc Ea 

dr 


(37) 


This equation may be written in the integrated form 

k = Ze (38) 

where Z is interpreted, on a kinetic theory basis, as the number of col- 
lisions per unit time per unit volume between reacting molecules. The 
exponential term corresponds, in accordance with the Boltzmann 
theorem, to the fraction of colliding molecules which have an energy 
in excess of Ea, and equation (38) is interpreted from this point of view 

Sommerfeld Festschrift, S. Hirzel, Leipzig, 1928, p. 104. 

Naturwissenschaften, 18, 914 (1930); Z. physik, Chem.y B12, 279 (1931). 

Some of the more important papers are the following: H. Eyring, Chem, Rev., 
10, 103 (1932); J. Am. Chem. Soc., 63, 2537 (1931); 64, 3191 (1932); A. Sherman 
and H. Eyring, /. Am. Ch£m. Soc., 64, 2661 (1932); H. Eyring, J. Chem. Phya., 3, 
107 (1935); H. Eyring, H. Gershinowitz, and C. E. Sun, J. Chem. Phys., 3, 786 
(1935); H. Eyring, Chem. Rev., 17, 65 (1935); A. Wheeler, B. Topley, and 
H. Eyring, J. Chem. Phys., 4, 178 (1936). See also Van Vleck and Sherman, loc. 
cit. and W. G. Penney, ** The Quantum Theory of Valence,” Chapter V. 
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as indicating that only those molecules which have an enei^ in excess 
of the critical value Ea. actually react. 

Now let us consider the reaction 

C AB — > CA -f- Bf 

where A, B, and C are univalent atoms with s electrons. Let a, h, and 
c designate the corresponding single-electron functions, and let «, jS, 
and y designate the “ exchange ” energy terms for the molecules BC, 
CA, and AB, respectively. These symbols thus have the same sig- 
nificance as in equations (30) and (35). 

In order that the reaction may occur, the atom C must be brought 
up to the molecule AB. We can do this in at least two ways, and in 
the first of these we let C approach AB along the surface for which 
a = jS. (For the case in which A and B are identical this will be 
the plane which is perpendicular to the axis of the molecule AB.) 
Then, 

Ell, ~ + Cea + Ceb + ( 2 a® -f- 7 ® — a® — 2 a 7 )^ 

^Xc+iy- a) 

That is, the atoms A and B will repel the atom C with an energy 
— (a -f / 3 )/ 2 , and at the same time the energy of binding of the system 
is decreased {E is made more positive). 

Since both a and /3 increase in magnitude with decrease in the dis- 
tances tac and r^c, it is possible for (a -f /3)/2 to become equal to y, 
and then a reaction may occur with formation of either CA or CB, 
depending upon the relative magnitudes of a and j3. In this case, 
therefore, the atom C has to acquire sufficient energy to pass over the 
potential energy “ barrier ” of magnitude 1 7 | , and this will be the ap- 
proximate magnitude of the activation energy for the reaction. If 
the reaction results in the formation of the molecule CA, the binding 
energy for the latter is given by Cca + /3, and, neglecting the difference 
between the relatively small terms Cab and Cca, the total change in 
energy for the reaction is given by 1 7 | — j /3 j. 

Now it is evident that the reaction must actually proceed in such a 
manner that the activation energy is a minimum. As shown by 
F. London, this condition is obtained if the atom C is brought up to the 
molecule AB in a direction which is the extension of the molecular 
axis. Assuming that the reaction leads to formation of the molecule 
CA, we must permit C to approach along the axis of AB in such a way 
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that C is closer to A than to B. In that case we may neglect the inter- 
action energy a between B and C, and consequently, 

B‘^ = Cca + Cba + + 

The expression under the radical has a maximum value for /3 = y/2, 
and under these conditions 

K>-Xe+^- m 

That is, the atom C decreases the binding forces between the atoms 
A and B, and the energy of the system changes from the initial value 
Cab + 7 (for C at infinity) through a maximum value Cab + Cac + 
7\/3/2 to a final value Cae + /3 (for B at infinity). The activation 
energy is evidently given to a first approximation by the magnitude 
I Y I — \/3/2 I 7 I = 0.134 1 7 I, which is thus considerably smaller than 
the activation energy for the atom C brought up to AB in a direction 
at right angles to that of the molecular axis. 

These considerations may be illustrated by means of Figs. 71^® and 
72. The energy of the system, as a function of the interatomic dis- 
tances rcA and tab, is represented 
I by a surface in a three-dimen- 

fc sional coordinate system. In two 

dimensions, this surface may be 
represented by contours which are 
lines of equal energy, and in Fig. 
71 the point I represents the 
initial state of system in which 
(j’.ib)’* is the interatomic distance 
when C is at infinity. As C ap- 
^ (tca)” proaches AB along the direction 

;; * — of the line AB, the energy of the 

system increases, and the curves 
Fig. 71 ^ergy surface (showing contour j^arked 1, 2. 3, etc., indicate such 
lines) for three atoms arranged linearly. . - . t. -hi 

a senes of contours. It will be 

observed that for large values of tca these contours are approximately 
parabolic in shape, since they correspond to Morse curves such as that 
^own in Fig. 62 for H 2 . As rAB becomes greater, the energy becomes 
more and more positive and the contours become merged in a “ plateau,” 
as indicated in the figure. 

Figures similar to Fig. 71 for different reactions are shown in the paper by Eyring 
and Polanyi (loc. cU.) and in subsequent papers by Eyring and his associat«i. (See 
footnote 17.) 
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The final state of the system is represented by the point F, in which 
(Tca)^ is the interatomic distance in the molecule CA, with the atom B 
removed to infinity. The transition from the state I to state F occurs 
with minimum increase in energy along the path indicated by the dashed 
line IFF, which is the bottom of a “ valley ” in the three-dimensional 
representation. This valley has a maxi- 
miun height above I in the region P, 
which thus forms a “ pass ” or “ saddle.” 

If the system has sufficient energy to carry 
it from I to P, then it may either revert 
to state I or proceed to state F. The 
activation energy thus corresponds to the 
absolute height of the point P with respect 
to I. 

The change in energy of the system in passing from state I to state 
F is indicated graphically in Fig. 72, where is the activation energy 
for the reaction 

C + AB-*CA-{-B, 

EAt is the activation energy for the reverse reaction, and 

Q = Ea,- Ea, (41) 

is the heat of reaction. 

In order to calculate the contour lines it is necessary to determine 
the Coulomb and exchange terms as functions of tca and tab- In his 
calculations Eyring has assumed that these may be derived from the 
potential energy curves, obtained for the diatomic molecules from 
band spectra or other sources, on the basis that the exchange energy 
term constitutes in every case by far the largest fraction of the binding 
energy. For instance, in the case of H2, as mentioned in the first 
section of this chapter, the Coulomb energy is less than 10 per cent of 
the total energy of binding. That is, referring to equation (1), 

K = 0.9E, 

where K is the exchange energy, and E is the binding energy. 

Now, as mentioned in Chapter XIII, E can be represented for a 
diatomic molecule, as a fimction of the internuclear distance, by a Morse 
relation of the form 

Eir) = -2Dr^'' + ilS.\2) 

where ^ and D are obtained (in general) from data on the band spec- 
trum. Hence, K [that is, the terms a, jS, 7 in equation (35)] may be 
determined as a function of tab or tac in Fig- 71, and from such data 



Fia. 72. Relation between en- 
ergies of activation and of re- 
action for reversible reaction. 
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it is then possible to deduce a value for the minimum energy of activa- 
tion for a given reaction. 

A comjmratively simple reaction which illustrates these conridera- 
tions is that between atomic hydrogen and para- or orthohydrogen in 
accordance with the equation 


li P~H2 — 0-H2 “i'Hf 


^ 1 


r- 


^ 1 

1 

+ 1 

1 


i = i 


1 + 

1 

1 

1 -- 




1 


in which the directions of nuclear spin in the two molecules are indicated 
by the arrows. As mentioned in the previous chapter, the proportions 
of the two modifications in an equilibrium mixture vary with the 
temperature. Transition from one form to the other cannot occur spon- 
taneously, but only through the intermediary of a third substance, as 
for instance atomic hydrogen. 

From a study of the reaction velocity as a function of the temperature 
the activation energy for each of the opposing reactions may be deduced 
and compared with that derived from potential energy curves. Since 
the complete details of the experimental observations and calculations 
are given by A. Farkas,*® it is only necessary in this connection to 
mention that the agreement obtained between the experimental and 
theoretical values of Ex is quite satisfactory. 


rin A 



Fio. 73. Potential energy (Morse) curves for H 2 , HBr and Bn. 

The reactions, involving halogens, of the type indicated by the 
equations 

H + HBr-^Hs + Br 
H + Br2 -* HBr + Br, 

** “ Orthohydrogen, Parahydrogen and Heavy Hydrogen,” Chapter IV. 
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have been investigated in a similar manner by Eyring and his associates.*® 
Figure 73** shows the Morse potential energy curves for the molecules 
involved in these reactions from which values of exchange terms may 
be derived as functions of intemuclear distance. Although the agree- 
ment between the observed and calculated values of activation energy 
is not as good as might appear desirable, there is no doubt that this inter- 
pretation of activation energy is fimdamentally sound.** 

14.8 Resonance Energy. The method of “ localized pairs ” has also 
been applied by L. Pauling and other investigators to a ts^pe of problem 
in regard to molecular structures, for which chemists have been unable 
to obtain a definite solution by other methods. 

Let us consider, for instance, the case of four equivalent univalent 
atoms with only spin degeneracy. There are available 2^ = 16 unper- 
turbed functions,** but only six of these functions have a value zero for 
the total spin. These will correspond to the bonds drawn thus; 

Structure (A) a:b; c:d 
Structure (B) a:d; b:c 
Structure (C) a:c; b:d. 

These may also be represented thus : 



(A) (B) (C) 


As shown by G. Rumer,*^ only two of these structures, viz., (A) and 
(B), are independent, since (C) can be formed out of the other two. 
The relation between the three structures can be illustrated best by a 

H. Eyring, J. Am. Chem. Soc., 63, 2537 (1931). 

** Eyring and Polanyi, loc. dt. 

** Although the criticism of Eyring’s particular assumptions by A. S. Coolidge and 
H. M. James [J. Chem. Phys., 2, 811 (1934)] may be justifiable, it seems to the 
writer that no arguments have been advanced which would contradict the funda- 
mental aspects of this interpretation of activation energy. The reader should also 
consult, in this connection, the more recent publications by Eyring and his asso- 
ciates on the “ activated complex.” 

J. C. Slater, Phys. Rev., 38, 1109 (1931). 

** GOttinger Nachr., p. 377, 1932; see Pauling and Wilson, “ Introduction to 
Quantum Mechanics,” p. 375. 
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vector diagram in the following manner 



By this procedure, as Pauling points out, “ Any structure can be 
resolved into structures involving no intersecting bonds.” In conse- 
quence of this relation Pauling designates (A) and (B) as a canonical 
set, and describes the system by the molecular orbital 

= #4 + Vl - a^ • 4>b. (42) 

The interpretation of this relation is identical with that assigned to 
analogous relations in Chapter XII. The system behaves as if con- 
stituted of two types of structures, and the relative probabilities of 
occurrence of the structures are given by the ratio aV(l — 

Let a, /3, 7 , 5 denote the exchange terms for the molecules, as indi- 
cated above. If we neglect the exchange terms between diagonal 
atoms and let 5 = /3 = 7 = a, then equation (36) leads to a binding 
energy for the system 

£ = LC 4- 2a. (43) 

Comparing this with the value Cah + a which would be valid for 
either of the structures (A) or (J5) above, it is seen that the very possi- 
bility of representing the system by a wave function of the form given 
in equation (42) leads to an increase in the energy of binding. This 
increase, which is given by a in this case, is known as the resonance 
energy. Resonance occurs whenever a molecule can be represented by 
more than one equivalent structural formula, that is, when there is 
more than one way of joining up the bonds. The resonance energy 
is a measure of the increase in stability of the system which results from 
the fact that the molecule can apparently “ resonate ” between two or 
more equally reasonable structures. The analogy between this phe- 
nomenon and the increase in energy of two oscillators in virtue of their 
interaction is evident. 

For systems involving more than four equivalent atoms, special 
methods for the approximate determination of the resonance energy 
have been developed by L. Pauling*® and also by H. Eyring and 
G. E. KimbaU.*^ 

L. Pauling, J. Chem. Phya., 1, 280 (1933). 

Loc. cit., also “ Introduction to Quantum Mechanics,” pp. 374-382. 

” J. Chem. Phya., 1, 239 (1933). 
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One of the most interesting problems to which these methods have 
been applied is that of the structure of benzene, a problem which was 
first treated by E. Hiickel.^ Chemists have argued for a long period 
regarding the proper representation of the molecule, and, as is well known, 
different structures have been suggested which are shown in Fig. 74o. 
Of these, the best known is that of Kekul4, but very good reasons have 
also been advanced for the adoption of the other structural formulas. 


I 



Kekute' 


II 



Claus 


m 


Armstrong- 

Baeyer 



V 



Ladenburg 


(bl 





Fig. 74. (o) Suggested valence-bond structures for benzene ring. 

(6) Five canonical valence-bond structures for benzene, leading to res- 
onance phenomenon. 


As shown by Pauling the whole argument is resolved by the assumption 
that in the normal state the molecule may be represented by a mixed 
eigenfunction of the form 

'l! = -f ^/b) + h(^c + 1^0 + (44) 

where the different component functions refer to the five canonical 
structures shown in Fig. 746. Equation (44) indicates, first, that the 
molecule may be regarded as possessing the properties of each of the 
five structmes; second, that structures A and B are equally probable; 
third, that C, D, and E are also equally probable; and last, that the 
group A+B has a different probability from that of the group C + D + E. 
Thus, we may consider that the fraction of the time during which 
the molecule exists in state A is a‘f{2a^ + 36*), and the rest of the 
timfl in the other states. In other words, the solution given by quantum 
mechanics to a problem which has vexed chemists for many decades is 
that everyone who suggested a solution was neither completely right 
nor completely wrong. 

Phydk, 70, 204 (1931). 
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According to L. Pauling and G. W. Wheland,^® the values of the 
coefficients in equation (44) are a = 1, 6 = 0.4341. Designating the 
single exchange integral for two adjacent hydrogen atoms in the ring by 
a, the conclusions deduced for the value of the resonance energy are 
shown in the following table. 


Total Resonance 

Energy Energy 

Single Kekul6 structure 0 + 1 . 5a 0.0 

Resonance between A and B Q -f 2 . 4a 0.9a 

Resonance among all five structures Q 2 . 6055a 1 . 1055a 


The exchange energy term for a single Kekul6 structure would be 
1.5a, where a is about 1.5 v.e. (= 34,580 cal.), and the added resonance 
energy term is 1.1055a:, that is, about 38,200 cal. /mole, of which about 
80 per cent is due to the Kekul4 structures alone. 

In a more recent publication, E. Hiickel^^ has reached the conclusion 
that in equation (44) the values of the coefficients are a = 0.450, 
h = —0.147. On the other hand, he deduces the same value for the 
resonance energy as Pauling and Wheland. 

The latter have also applied the same method to the calculation of 
resonance energies for other ring compounds, such as naphthalene and 
anthracene, and a large number of other organic molecules. Although 
the absolute values derived for the resonance energy may be doubtful, 
owing to the rather approximate methods of calculation, the resonance 
phenomenon is unquestionably of fundamental importance in leading 
to increased stability of molecules. 

2® J. Chem. Phys., 1, 362 (1933). 

From their very accurate determinations of the heats of organic reactions, G. B. 
Kistiakowsky and his co-workers, J. Am. Chem. Soc.y 68, 146 (1936), deduce a value 
of about 36,000 cal, for the resonance energy of benzene. However, they find that 
in general the resonance calculations of Pauling are not in satisfactory agreement 
with the experimentally observed values. This, of course, merely indicates that it 
is at present impossible by the methods used in quantum mechanics to derive even 
approximately correct values of resonance energies. 

J. Phys. Radium, 6, 347 (1935). 
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16.1 Classical Theory of Radiation. The electromagnetic theory of 
Clerk Maxwell led to the conclusion that radiant energy is propagated 
as a wave motion. The simplest model of a source for the production 
of such waves is an electric dipole with fixed axis and periodically 
variable moment Af , where 

M = ex = exo cos 2TrvU (1) 


In this equation Xq represents the maximum amplitude of the os- 
cillating charge, and Vj the frequency of oscillation. 

Such a dipole is known as an electrical oscillator or Hertzian vibrator 
and finds its macroscopic representation in a short linear antenna such 
as is used for the radiation of very high-frequency radio waves. 

According to electromagnetic theory an electric charge moving with 
uniform velocity does not radiate energy. If, however, the charge is 
accelerated, the instantaneous rate at which energy is emitted is given 
by the relation 


dt 3c^ \ dt^) 


( 2 ) 


where x is the coordinate along which motion occurs (the axis of the 
dipole), and c is the velocity of light. 

From equations (1) and (2) it follows that for the linear harmonic 
oscillator 


dt 


2{2tv)^ 

3c^ 


c^Xq cos^(27rj/0- 


The average rate of emission of energy per single oscillator is 



since the average value of Qos,^{2Tvt) is J, and it will be noted that the 
frequency of the radiation emitted is identical with that of the oscillator. 

In general, the charge will not be concentrated at any one point, but 
will be represented by a distribution function p(a;, t/, z). For the case 
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of a negative charge distribution about a positive charge located at the 
origin (as in atomic systems), the electric moment of the charge dis- 
tribution will be represented by the vector quantity (see Appendix IV) 

M = e ftp(x, y, z)dxdydz • cos (2irj'0> (3) 


where r is the vector distance from the origin. That is, r indicates both 
the magnitude of the distance of the element of volume and the direction 
in which this distance is measured. If we represent the components of 
the moment along the three axes of coordinates by M*, M„, and M„ 
the intensity of the radiation for which the direction of polarization is 
along the a:-axis is given by 




3c^ 


M2, 


(4) 


and similar relations will apply to the components for which the direc- 
tions of polarization are along the other two axes of coordinates. Con- 
sequently, the average rate of emission of radiation for all three com- 
ponents is given by 

J. + J„ + Jz = -^{M^ + M^ + M?}. (5) 


In the case of a charge moving in some form of periodic orbit, as was 
postulated in the Bohr theory, the motion along any coordinate q can be 
represented by Fourier series of the form 

g = Ao + Ai cos 2xvt + . . . + A„ cos 2mmt + . . . 

-f Bi sin 2irvt + . . . Bn sin 27rm< -f . . . , (6) 

where, if g is real, A „ and B„ are real magnitudes. 

We can also express g in the exponential form 

g = ZCne"'*”'*, (7) 

n 

where n has all integral values (including 0) from — « to -|-<». This 
is necessary, since, as shown in Chapter II, 

^ ^^2vinvt 

= Cn COS 2imvt -j- iCn sin 2mvt 
C_„ cos 2imvt — iC_„ sin 2Tnvt 
= An cos 2imvt + Bn sin 2Tmvt, 

20 n “ An iBn 

2C_n — An 4" *Bft. 


where 
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Consequently, Cn = CLn, and 


C„ • Cn = Cn 


C_„ 




From equation (6) it follows that, for this case, the intensity of the 
radiation, that is, the average value J of the enei^ emitted per unit 
time, is given by the relation 


J = 


3c® 


( 8 ) 


where g® = average value of g®. From the orthogonality relations for 
the trigonometric functions it follows that 


and consequently. 


n 


J = 


(2jn/)V 

3c® 


2:4c*, 


n 


( 9 ) 


( 10 ) 


where n assumes all integral values from + 1 to +« . 

Again the fundamental frequency v and the harmonics nv will appear 
in the radiation, and the magnitude of the coefficient ] C„ j® will be a 
measure of the relative intensity of the corresponding harmonic in the 
radiation emitted. 

The Bohr theory of the origin of spectral lines represented a radical 
departure from this point of view since it postulated that the spectral 
frequencies are obtained as a result of transitions between two levels 
in accordance with the relation 


Vnm ■" 



( 11 ) 


Consequently, optical frequencies are not identical, on the basis of 
Bohr’s theory, with frequencies of revolution. However, when we are 
dealing with orbits of large quantum number, the frequency of the 
radiation emitted as a result of transitions between adjacent orbits 
becomes approximately the same as that of the motion in either orbit.^ 
That is, we have the approximate relation 

V = An • 0 ), 


where v is the optical frequency, « is the frequency of revolution of the 
^ See discussion in Taylor’s Treatise, pp. 117^1181. 
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charge, and An = 1, 2, etc. Thus An corresponds to the integer n in 
equations (9) and (10), and it is seen that \uider these conditions (that 
is, in which v is associated with transitions between orbits of large 
quantum numbers) the deductions of quantum theory are in agree- 
ment with those expected on the basis of classical theory. 

As emphasized by Bohr this correspondence or coincidence in the 
values of spectral frequencies as calculated from the two points of view 
cannot be accidental. The coincidence must also extend to ampli- 
tude (or intensity) of emitted radiation and direction of polarization, 
and Bohr showed that on this basis it is possible to deduce selection 
rules for the probabilities of transition between energy levels. This 
idea, which has been designated by Bohr as the Correspondence Prin- 
ciple, has also been carried over into quantum mechanics, and may be 
stated thus: For systems in which the product of momentum p and 
associated coordinate q is very large compared to h, the deductions 
of quantum mechanics must tend to become identical with those derived 
from classical theory. It will be recognized that the condition pq'>h 
is fulfilled by Bohr orbits of large quantum number. 

16.2 The Schroedinger Equation Involving Time. In order to inter- 
pret the method developed in quantum mechanics for calculating dipole 
moments corresponding to transitions, it is necessary to consider once 
more the derivation of the S. equation as given in Chapter II. 

Starting with the differential equation for a wave propagation in the 
form 



where i/, the “ amplitude,” is a function of the configuration space 
coordinates and of t, a solution was postulated of the form 

Hq^, t) = (13) 

where qi denotes the generalized coordinates, and v designates the 
frequency of the de Broglie wave. This solution satisfies equation (12), 
and if we multiply each term in the S. equation 

vV+^(^- F)« = 0 

by we obtain the differential equation 

8irV„, 
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Let us now assume the relation 

E = hv, (16) 

thus defining the frequency v, about which nothing definite was stated 
previously. The justification for this procedure depends, of course, 
upon the validity of the subsequent deductions, since we cannot deter- 
mine, by any direct experimental methods, the value of v for the 
de Broglie wave. Moreover, it is evident, since we always observe 
differences in energy, that we might also assume 

E = constant -f hv. 

Actually de Broglie postulated the relation 

E + MoC* 

p = — : 1 


where /xq is the so-called “ rest-mass ” of the particle and E -f- iiqc^ is 
the absolute energy on the basis of the special theory of relativity. 
However, it is evidently simpler to postulate equation (16). 

It follows from equations (13) and (15) that 


dt 


2vi 

~h 




and, hence, equation (14) becomes 

h 8ir^n dip 

Tt 


2 SttV 

V V - -rf -^1^=0 • 


4x1x1 dip 
dt 


(16) 


dt h 

For the conjugate complex function p, we have the similar relation 

(17) 


Hence, 

I (^) = ^ - ^vV). (18) 

If now we multiply both sides by dr, the element of volume in the con- 
figmation space, and integrate, we obtain the relation 

- pV^p)dT. 

But in accordance with Green's theorem (see Appendix IV) 

- m)dr - 


( 19 ) 
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where the integral on the right-hand side represents integration over a 
“ surface ” bounding the “ volume ” in which the left-hand integration 
is carried out, and #/dn is the gradient in the direction of the normal 
to this surface. At the limits of the configuration space, ^ and ^ must 
vanish. (This is one of the conditions which the S. eigenfunctions 
must satisfy.) Hence, the right-hand side of equation (19) must 
vanish identically, and consequently, 

= 0 . ( 20 ) 

That is, 

J* ^dr = constant. (21) 

It is this result that permits us to interpret ^ as a density distribu- 
tion function and to normalize ^ so that 



From equation (16) it follows that for 7 = 0, that is, for particles 
moving in a zero field 


vV = - 


4nni diff 
h dt 


( 22 ) 


This equation has the same form as the diffusion equation [see Ap- 

h ih 

pendix IV, equation (41)], with — - — : = - — = D, the diffusion 
constant/^ 

Now let us consider the solution of equations (16) or (17). Because 
of the linearity of the equation, the general solution has the form 

00 _ 2 riEnt 

= ZCn<Ane * > (23) 

n 1 

where (/>„ and JEJ„ are the eigenfunction and eigenvalue associated with 
the nth state, and Cn is an arbitrary conslarU. 

Similarly, 

2riEnt 

^ = * . (24) 

n 

That is, ^ (or ^) is represented by a superposition of wave functions, 
each of which corresponds to a definite energy state. 
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Hence, 

2vi{Err^Em)t 

iW* ~ “I" * , (25) 

n n,m 

where the second summation extends over all values of n and m which 
are not identical. If we multiply each term in this equation by dr, and 
integrate over the configuration space, the integrals involving the ex- 
ponential terms vanish, since 

J* ^n4>mdT = 1 for n = m, 

= 0 for n m. 

It follows from equation (25) that 

J ^dr - Cn 1^. (26) 

We can interpret the quantities [ Cn as the relative probabilities of 
finding the particle in the corresponding alternative states, and as in 
equation (21) we can normalize the function ^ by the condition 

Li c„ 1^ = 1. 

Let us now consider the exponential terms in equation (25). The 
individual terms can be arranged in pairs of the form 

-t- (27) 

where bv^m ~ ~ (28) 

Since tmCn^m<l>n and CmCn<i>n3n are complex conjugates, we can write 
the expression in (27) in the form 

p(cos 2TVnmt + i sin 2irv„m<)> (29) 

where p is a charge distribution function. 

It is thus evident that is a periodic function in t, with a series of 
“ interference ” frequencies given by equation (28). These are, how- 
ever, the very frequencies which occur as transition frequencies in the 
Bohr theory. Hence, we conclude that ^isa qmntity which may func- 
tion as a source of electromagnetic vibrations, giving rise to the mono- 
chromatic radiations postulated in the Bohr theory. 

On the basis of this deduction it becomes possible to translate the 
classical theory of radiation, as outlined in the previous section, in 
terms of wave mechanics. 
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16.3 Quantum Mechanics Expressions for Dipole Moment and In- 
tensity of Radiation. Referring to the classical expression for Mx, 
that is, the x-component of the dipole moment, given in equation (1), 
we shall write the quantum mechanics analog for the emission of fre- 
quency Vnm - {En ” Em)/K in the form* 


(Mnni)® ~ “1- eji mX^fndr 

= e f + e J (30) 


It will be recognized that the two integrals on the right-hand side of 
the last equation constitute a pair of complex conjugated matrix ele- 
ments which may be designated by the symbols Xnm and respec- 
tively. Hence, 


d^(Mnm)x 

dt^ 


nm "1“ ^7»n)* 


(31) 


In order to derive the corresponding expression for ( J „„)*, the inten- 
sity of radiation emitted by the x-component of the dipole moment, it is 
necessary to calculate the time-average value of the square of the expres- 
sion on the right-hand side of equation (31). 

Evidently, 


(•fnm ”1" ^tnn) — 2 J* J* X$m4^ndT 


+ 


|2 

Arrivnmt 


(32) 


j J* X^m<l>n' 

Now the average value of j* over one or more complete 

cycles is the same as that of J ' cos nwtdi or nwtdt, and is 


evidently equal to zero. Furthermore, as mentioned already, the 
matrix elements Xmn and Xnm are complex conjugates irrespective of 
the exponential terms. Hence, the relation for intensity of radiation 
assumes the form 


(.J ntnlx 



2^ 

3c® 




(2irvnm) 2 I x$n<>mdr 


|2 


(33) 


^ The derivation that follows is to be regarded as a somewhat plausible argument 
for the use of equation (30) . For a more rigorous derivation the reader should consult 
Pauling and Wilson, “ Introduction to Quantum Mechanics,’* Chapter XI. 
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This equation is the wave mechanics analog of equation (4). From 
this and the similar expressions for the j/- and ^-components of the dipole 
moment, it is possible, as in equation (5), to calculate the components 
of the radiation intensity with respect to different directions of polariza- 
tion. 

While these relations enable us to calculate the magnitudes of the 
radiation intensities in terms of the matrix elements built up out of the 
corresponding eigenfunctions, they are specially useful in deducing 
so-called selection rules. 

If in any given case the matrix element Xmn is found to vanish identi- 
cally we conclude that the corresponding component is not present in 
the emitted radiation, and if this same result is derived for j/mn and Zmn 
then we conclude that the corresponding transition cannot occur. 

The integrals Xnm and Xmn are evidently similar to integrals en- 
countered in the discussion of the perturbation theory, of the type 




where / is a function of the coordinates. Thus, in Chapter IX, / is 
identical with F, the potential energy function. These integrals were 
designated matrix elements, and it is evident, since the matrix elements 
defined by equation (31) are complex conjugates, that the matrix is, 
again, of the Hermitian type. 

16.4 Selection Rule for Linear Harmonic Oscillator. A relatively 
simple case in which the matrix elements associated with a transition 
from one state to another may be calculated readily is that of the 
linear harmonic oscillator which was discussed in Chapter V. It was 
shown there that, omitting the time factor, 

Xmn = f Xr'‘^Hn{x)Um{x)dx (34) 

t/— 00 


is equal to zero, unless m = n db 1. For m = n + 1, 


and for m = n — 1, 



(35) 


(36) 


That is, in the case of the linear harmonic oscillator only those transi- 
tions can occur for which the quantum number changes by -fl or — 1. 
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We have thus derived a selection rule for transitions between energy- 
states of a linear harmonic oscillator. Furthermore, the radiation 
emitted in a transition between adjacent states must be linearly polar- 
ized and the direction of polarization must coincide with that of the 
motion of the oscillating particle. 

According to equation (33), the intensity of the radiation associated 
with the transition n — » n — 1 is given by the relation 


Jn,n—1 ~ 


i2irp)* • 4e2 


3c® 


n—1 


Vb 


(37) 


where according to equation (5.7) 



Hence: 

(2wv)* 2n^ 
Jn.n-1- 3^3 • j, • 

Similarly, it follows that 

(2tv)* 2 (» - f - 1 ) 6 ® 

Jn+l.n- 3^3 • j, 


(38) 


(39) 


It is of interest to compare these results with the conclusions from 
classical theory on the basis = (n -f- ^)hv. In that case, the value 
of the maximum amplitude for the state n is '\/2n -t- 1 • xq, where 
xq is the maximum amplitude for the state n = 0 , while that for the 
state V2n — 1 is V2n — 1 • xq. Therefore, the classical value for the 
intensity of a transition from the level n to the level n — 1 would 
be between 

(2n -f- 1) - • e®x§ and (2n - 1) • e®a;g. 

For large values of n it is evident that this agrees with the conclusions 
stated in equations (38) and (39). 

16.6 Selection Rules for Quantum Numbers m and 1 . In Chapter VI 
it was shown that the eigenfunction for the rigid rotator with fixed 
axis is given by 

( 40 ) 

V 27r 

where | m j = 0, 1, 2, etc. 
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The a!-component of the center of gravity of the charge consists of 
terms of the type 

f xZrJndr, • (41) 

If we assume that the rotator is represented by a charge e moving on 
a circle of radius r, we obtain the relations 


® = r cos jj = 5 (e*’ + « *’’) 


2 / = r sin ij = — (e’” - « *’’) 


(42) 


Omitting the time factor, it follows from equations (40), (41), and 
(42) that 

i[/ (43) 

where the integration is over the range 0 ^ ri ^ 2ir. 

Similarly, 

^ 4^[ f “ f (44) 

In equation (43) the first integral vanishes unless 

m — n + 1 = 0, 

and the second integral vanishes unless 

w — n — 1 = 0. 

In either case the integral is equal to 2x, and 


Xnm = - for n = m ± 1, 


(45) 


while 


J/nm = ^ forn = m + 1 


= — — forn = m — 1 

2t 


(46) 


We have thus derived a selection rule for the rotator, that only those 
transitions can occur for which Am = ±1. In other words, in the case 
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of the rigid rotator frith fixed axis, the only tranritions permitted are 
those between adjacent states. 

To determine the direction of polarization of the emitted radiation, 
we note that 

M.(m -l,m)=ef xZjZr^xdr, • e*'*"' + e J xZjZn^idr, • 

= er cos 2Tn>t, 


Similarly, the relations are deduced 

Ma(m + 1, w) = er cos 2Tvt, 
M„(ot — l,m) = —er sin 2irpt, 
and My(m + 1, m) = er sin 27rvt. 


These relations show that the radiation emitted and absorbed is 
circularly polarized, since the x- and ^-components of the electric mo- 
ment are equal for each transition. For the spontaneous transition 
m + 1 — » m, the light emitted is circularly polarized in the direction 
of the rotation, and for the transition m — 1 — > m, the light absorbed 
is also that which is polarized in the direction of rotation. 

It also follows from equation (45) that 


Jx(rn ± 1, m) 


16 ir*v^e^r^ 

3c3 


(47) 


We shall now consider the rigid rotator with free axis. The eigen- 
fimctions for this system, as derived in Chapter VI, are given by 




(21 +1) (I- m)l 


4v(l + w)! 


(cos e). 


(48) 


The dipole moment corresponding to transition from state I, m to 
state l', m! is given by 

M(l,m, I', m') = y* tY in^i.n'dxdydz, 


in which the term involving t has been omitted, and r is a vector which is 
defined in terms of x, y, and z. 

Hence, the ®-component of the dipole moment is given by 


= t;? / aind ‘ Pi‘(cos $) • PJ?' (cos 6) • ski 6d0 
N Jo 


2t 


C08ije‘”‘’’e-^”*'’dij, 


(49) 
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where 1/iV designates the coefficient in equation (48). Similarly, 

CT 

~ sin • Pj* (cos 6) • Pp' (cos 0) • sin • 

J^^^sin ij • €*”*’'€-‘”*'’'^1,, (50) 


and 


€ 7 * 

M, = ^ J cos 5 • P”(cos fl) • Pj?' (cos 5) • sin ( 

X 2r 

"dTJ. 


Let us first consider M*. Since the integral involving ij vanishes for 
m 7 ^ m', we need to consider, in calculating M*, only those transitions 
for which Am = 0, and consequently the integral involving rj is equal to 
2ir. Hence, 

6T 

tlLf — 2w J CQsd ■ sin 9 Pf (cos 6)PP' (cos 9)d0. (61) 

Now in any treatise on Legendre functions the following recmsion 
formula is deduced: 

(2i + 1) cos 6 ’ P”(cos 6) = {I + m)Pp.i(cos 9) 

+ (I — m + l)P^i(cosfl). 

Substituting from this relation in equation (51) it follows from the 
orthogonal properties of the function P”(cos 9) that vanishes unless 
± 1 . 

By evaluating M* and M„ it is found that light polarized along these 
axes is emitted (or absorbed) only when m' = m 1. This con- 
clusion has already been deduced in the consideration of the ri^d rotator 
with fixed axis. 

We have thus deduced the following selection rules; Only those 
transitions can occur for which 

Am = 0 or ±1, and Al = ±1. 

In the case of the total quantum number n, it is foimd that there is no 
similar selection principle. Transitions are permitted between any pair 
of values of this number. 
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16.6 Wave Packets. Group Velocity. In this section we shall 
consider some further consequences of the S. equation (18) involving 
time. It will be recognized that this differential equation must in some 
manner give US the same kind of information about the function ^ 
as is obtained in classical mechanics from the equations of motion. As 
shown in Chapter IV, the latter may be expressed in terms of the Hamil- 
tonian function H = H {pi, g.) by the canonical equations 


^ . dH 

dt dpi 


(62) 


and 


dt dqi 


(53) 


Given the initial values of p„ qi and the form of the function H(pi, g,) 
it is possible, by solving these canonical equations, to predict the mag- 
nitudes of the variables p,- and qi for any subsequent value of t. In 
view of the validity of the Principle of Indeterminacy it is evidently 
impossible, as stated previously, to carry out such precise calculations 
in connection with systems for which the product p,^i is of the same 
order of magnitude as h. However, we do know that, as the magnitude 
of the product p,gi increases to values which are considerably greater 
than h, the methods of classical mechanics become more and more 
applicable. This is, in fact, the essential significance of the Corre- 
spondence Principle. Therefore, in the formulation of quantum 
mechanics we must be guided by the criterion that in the limit of large 


quantum numbers, that is, for large values of 



the results 


obtained by the new theory must tend to become identical with those 
derived by classical mechanics. 

The essential difference between the classical and quantum mechanics 
is, of course, due to the fact that the purely corpuscular aspect of 
motion is no longer adequate for the description of atomic systems. 
The observations on reflection and refraction of electrons make it neces- 
sary to regard the behavior of these particles as somehow associated 
with “ waves,” the de Broglie waves. Furthermore, as Heisenberg 
demonstrated, this involves a radical revision of our notions regarding 
the significance of coordinates and momentum variables in the case of 
atomic systems, and he formulated this new point of view in his Principle 
of Indeterminacy. 

On the basis of this principle a homogeneous beam of electrons travel- 
ling in a given direction, that of the x-co6rdinate, possesses a definite 
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momentum p, and we represent this state of affairs by the eigenfunction 




where 

2ir 2irp 2irV 2nE 
“ “ X “ A “ h 

and 

II 

>-ltei 


The real part of the complex function corresponds to a sine or cosine 
curve extending from — oo to + <» . When we inquire regarding the in- 
stantaneous position of the electron, the answer given by quantum 
mechanics is that, while we are completely ignorant of this cobrdinate, 
it is possible to predict the probability of occurrence of an electron per 
unit length of its path. 

Similarly, we may define the instantaneous position x of a particle. 
But in that case, the velocity may be any value from zero to infinity. 
How then can we represent a “ localized ” particle? In the language of 
quantum mechanics this means that the form of the function is to 
be such that it has physically significant values over only on extremely 
narrow range of values of x. The best illustration of such a function is 
the probability curve represented by the relation 

y = (54) 

The plot of this function has the form shown in Fig. 24 for the eigen- 
function of the linear harmonic oscillator in the state n = 0.^ This 
curve is symmetrical about the origin, and for rr = it 1/c, the value of y is 
1/eth, that is, 0.3678 of its value for a; = 0. Evidently, 1/c is a measure 
of the “ spread ” of the curve. The greater the value of c, the smaller 
the value of | re j for which the value of y decreases to any given fraction of 
its value for x = 0. 

On the basis of Fourier’s theory, any function which is continuous and 
single valued over a range of values of x may be represented by a series 
involving cosine or sine functions.*^ Each of these functions will 
represent a stationary wave of definite wave length X, which corre- 
sponds, therefore, to a definite momentum p. Now if we wish to repre- 
sent the probability function by such a series it is found that the 
number of terms required to represent the function ^ with any degree 

® See Chapter V, supplementary note 1, also J. W. Mellor^s “ Higher Mathe- 
matics.” 

^ See Chapter VI, supplementary note 1. 
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of approximation increases with increase in the coefficient c in equa- 
tion (64). In terms of quantum mechanics this means that, the more 
we attempt to minimize Ax in the representation of \l/^, the greater the 
range of values of p which are required in forming the “ wave packet ” 
for 

Thus, the sense in which the term “ wave packet ” is used in quantum 
mechanics is essentially the following. In order to obtain a function 
^ which shall localize the particle in a relatively narrow region of the 
configuration space, we represent ^ by a summation of trigonometric 
terms each of which corresponds to the amplitude (as a function of 
coordinates and time) of a de Broglie wave of definite wave length and 
frequency. That is, we can always represent a given ^ by the series 

in which the values of the coefficients are obtained by means of the 
relation 

j f'Xi 

‘“®dx, 

and the actual number of terms will depend upon how accurately it is 
desired to approximate the function ^ in a region X 2 >x >Xi. 

We shall now deduce the relation between the velocity of the particle, 
regarded as a corpuscle, and the velocity of propagation of the de Broglie 
waves which constitute the wave packet. For this purpose let us con- 
sider the simple wave train 

j/ = j/o cos 2ir(v< — <TX), (55) 

in which v = frequency, and <r = 1/X =» wave number. If we super- 
pose on this wave another wave of the same amplitude (j/o) but slightly 
different frequency «> -1- Ai^ and slightly different wave number <r 4- A<r, 
the amplitude of the resulting motion is given by the relation 

y = j/o cos 27r(v< — <tx) -f- yo cos 2k[{v -f- ^v)t — (ff + Ao')x] 

= 2yo cos 2ie(yt — ax) cos v{Avt — Aax). (56) 

The equation indicates a train of waves of frequency Av and wave 
number Aa which is modulated by the other wave of much higher fre- 
quency and higher wave number. The maximum amplitude travels 
with a velocity v defined by the relation 

X Av dv . 

V = -=z — = — in the hnut, 

t Aa da 


( 67 ) 
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On the other hand, the individual waves travel with velocity 


V 

u = -• 
a 


The latter is designated the phase velocity, and v, the group vdodly. 
Equation (57) is well known in the theory of wave motion and is often 
written in the form 


1 

V 



1 V du 
u u? dv 


which gives the relation between the two magnitudes u and v. Evi- 
dently, V = u only if du/dv = 0, that is, if the phase velocity is inde- 
pendent of the frequency. This is true of electromagnetic waves in a 
vacuum. Therefore, under these conditions, the phase and group 
velocities are equal. On the other hand, the group velocity of waves 
propagated in water, is one-half the phase velocity. That is, the in- 
dividual waves travel faster than the group. 

In a wave motion, energy is transferred only at the speed defined by the 
group velocity. Consequently, in the case of de Broglie waves, the group 
velocity is identical with that of the particle. The phase velocity is a 
fictitious magnitude, since it is impossible to observe for de Broglie 
waves a frequency v. 

This conclusion may also be stated thus: For the corpuscle regarded 
as a wave motion 



But in accordance with equation (57), the group velocity is given by 
the relation 


dp dE 

da dp 


(69) 


which corresponds to the canonical equation 




dp 


(60) 


K now we represent E as a function of p for any set of particles in 
motion, then the corpuscular velocities are determined for each value of 
E by the value of the slope dE/ dp. 
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16.7 Relation between Eigenfunction Representation and Particle 
Velocity. We shall now consider some further deductions from the S. 
equation involving time. For this purpose it is convenient to write 
equation (16) in the form 


at 


ih 

4)r/( 



(61) 


and equation (17) in the form 


ih / 

dt 4ir/i yd®* 



(62) 


where t) and a =* 8r^n/h^. 

Hence, we derive, as before, equation (18), that is, the relation 


dt 47r/i \ dx^ dx^J 


or 


dp h 

dt iTTfd dx 




dxj’ 


(63) 


where p = is the “ density.” 

In order to realize the significance of this equation let us consider the 
motion of particles along the ®-codrdinate. Let p designate the density 
per unit length, and j, the “ current,” that is, the rate at which particles 
pass a given point. If dp/di = 0, there is obviously no variation in j 
with distance. However, if the current flowing into the section A® is 
different from that flowing out of it, there must be a change in density, 
in accordance with the relation 


^ ^ 

dt dx 


(64) 


Comparing (64) with (63) it follows that the current density at ® is 
defined in quantum mechanics by the relation 



Hence, the average velocity in the ®-direction is given by 



( 66 ) 
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More generally, if ^ is a function of the configuration space, 

j = 7 ^ Q grad^ - gradi?), (67) 


where the “ gradient ” is the rate of change of along the normal to the 
“ surface ” at any point. (This result may be derived directly from the 
divergence theorem which is discussed in Appendix IV,) 

Equation (66) may also be derived from the definition of the velocity 


V 


di 

dt, 



( 68 ) 


where i dedgnates the average value of x. 
Hence, 



(In these and subsequent equations, it will be understood that the 
limits of integration are ±<».) Substituting from equations (61) and 
(62) the last relation becomes 


Now, 


di 



i ’ 


dxV 


dx. 


Hence, 


1 . 

dx 


\ dx/ dx dx 


dr 


.2 + ^ 


d^/ 

dx 




3 ^ 64 / 
dx dx 


dx. 


But, • {64// dx) vanishes at the limits. Hence, we derive the re- 
lation® for the particle velocity in the form 




64 / 

dx 



dx, 


which is identical with equation (66). 

* Instead of the coefiScient h/(4irid) we can evidently use the coefficient —ih/ (4tm)- 
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It follows that the average value of the momentum is given by the 
relation 




dx 


dx 


\p • — • dx 
^ dx 


2v J dx 

2irit/ dx 


dx. 


(69o) 


(696) 


The last equation is one which follows, as shown in section 2.7, from 
the operator method for deriving the S. equation, since 

From equations (69a), (61), and (62) it follows that 
dt^ 2iriidtJ dx 

~2thJ Idt dx^^ dtdx] 


2iniJ Idi dx^^ dx dtj 


ih 

2Trfi 


dri> ^ 
d3? 


dx\ dxy dx\dxy dx 

Also, 4/ • (d^/da^) vanishes at the limits. Hence, 
d^Si h^a C- 
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That is, 



(70) 


where the dash over the right-hand bracket indicates that the average 
value of dV fdx is to be used. Evidently, equation (70) corresponds to 
Newton’s second law of motion, and it has thus been shown that the 
relations of quantum mechanics are in agreement, for extremely narrow 
wave packets, with those deduced in classical mechanics. 

16.8 Spreading out of Wave Packet in Time. It is of interest, in 
order to illustrate Heisenberg’s principle, to consider the inferences that 
may be deduced from this principle regarding the variation with time, 
in the form of a wave packet. Equation (25) shows that for a particle 
in a zero field, confined to move along the x-coordinate. 


_ aV 

dt da?' 


(71) 


where 



(72) 


The solution of this differential equation gives yp — ypix, t) and there- 
fore makes it possible to determine the behavior of as < is increased 
from t = 0. 

For real values of D, equation (71) is the well-known partial dif- 
ferential equation for diffusion, and the simplest form of solution is that 
given by the expression® 


tp{x, t) = 


C 

VDit + t) 



4£>(t+T) 

^ 7 


(73) 


where t and C are constants. If we designate the exponential factor 
by we obtain the following relations: 


5^ 


2VD{t + t)^ iD^it + T)i 


X^ 1 /I 

rrrsr*’ 


dx 

dV 

dx^ 


X • C<l> 

2D^{t + T)i' 

1 x^ ] 

2D^{t + r)l iD^it + T)ii 


® Byerly, “ Fourier’s Series,” pp. 93-95. 
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and it is seen that the solution in (73) satisfies the differential equation 
(71). 

For the case in which D is real, it is found that this solution corre- 
sponds to the diffusion of C particles which originally (f = — t) were 
concentrated in the plane * = 0. 

In the present case, let us define 2Dt as a real positive magnitude by 
the relation 2Dt = o*. Then we can write equation (73) in the form 







2(a2+iAe/2TM) 


Also, 


Hence, 



C74) 


Evidently, Hi represents the same type of Gauss error function as that 
defined in equation (54), in which 1/c® is replaced by 



For t = 0, the absolute value of ^ for a: = 0 is given by CVo®. With 
increase in the absolute value of t, at increases, with the result that the 
mflxiitiiim value of H decreases and the packet spreads out more 
and more. This may also be described as follows: 

The probability of occurrence of the particle in the range — < a: < a:o 
is given by the integral 

r*o_ 

P = j ^dx. 

Equation (74) shows that, with increase in 1 1 1, the value of P for the 
same limits decreases. Furthermore, since ^ is symmetrical with 
respect to t = 0, it follows that this increasing uncertainty in the value 
of P extends to both the past and fiUure. That is, no matter how exactly 
the value of P may be defined for a narrow range at 1 = 0, the gradual 
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spreading out of the packet with time will result in a correspondingly 
increasing uncertainty in the value of P. 

While this argument has been applied in the previous paragraphs to 
the case in which the average value of x remains zero, a similar argument 
applies to the case of motion in a field of force. For an instructive illus- 
tration of such a calculation the reader should consult the discussion 
by C. G. Darwin^ in which he has demonstrated that the law of motion 
of a packet in a gravitational field, as deduced by the methods of quan- 
tum mechanics, is identical with that deduced in ordinary mechanics. 
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VALUES OF PHYSICAL CONSTANTS* 

Molar volume of ideal gas Vm- 

At 0°C. and 760 mm. Hg (= 1.0132 X 10« dyne/cm.^), Vm = 22,414 cm.* 
Molar gas constant, 

R = 8.3136 X 10^ erg • deg“"^ • mole 

= 8.2046 X 10”^ liter • atmos • deg”^ • mole”^ 

= 1.9864 cali 5 * deg“^ • mole~K 

Faraday constant, F = 96,490 abs-coul • g-equiv.“^ 

Velocity of light, c = 2.99796 X 10^® cm • sec."^ 

Electronic charge, e = 4.770 X 10“^^ abs-es-units. 

c/c = 1.591 X 10“^® abs-em-units. 

Specific electronic charge, c/mo — 1-761 X 10^ abs-em-unit • g ^ 

Mass of electron, mo = 9.035 X 10“^* g. 

Planck's constant, h = 6.547 X 10”27 erg • sec. 

Avogadro’s number, Vo = 6.064 X 10^^ mole““^ 

Boltzmann constant k = R/Nq — 1.3709 X 10 ^®erg • deg. ^ 

Kinetic energy per molecule at 0°C. 

E - |/c(273.18) = 5.617 X 10~^^erg. 

Atomic specific heat constant, ^ == h/k — 4.7757 X 10 sec • deg. 

1 008 

Mass of hydrogen atom, mg = —jz == 1.6618 X 10 g. 

iV 0 

Einstein’s constant, h/e = 1.3725 X 10“** erg - sec • es-unit'* 

Energy of F-abs- volt-electron, 

ho = = Fe = 1.591 X 10“** erg X V. 

Wave number associated with F-abs-volt-electron, 

pQ = 8106 cm.-* X V. 

Wave length associated with F-abs-volt-electron, 

Xo = 1 = 12,336 X l(r«cm • F“*. 

>'0 


Mechanical equivalent of heat, 

Jib == 4.1862 abs-joule • calTi^ 

^ These values are taken from the publications by R. T. Birge, Phys. Rev. Suppl.^ 
1 , 1 (1929), and Phys. Rev., 40 , 228 (1932). 
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Energy per mole for 1 abs-volt-electron per molecule, 

F 


jr 16 


23,055 cali 5 • mole”"^. 


Radius of Bohr orbit, 




<Xo 


4:7r^moe^ 

Bohr unit of angular momentum. 


= 0.5282 X 10~® cm. 


^ ~ ~ 1.042 X 10 erg • sec. 

^TT 


Magnetic moment of 1 Bohr magneton, 

he 




9.175 X 10 erg • gauss ^ 


Awmo 

Rydberg constant for infinite nuclear mass, 

iBoo = = 109,737.42 cm.-i 

Rydberg constant for hydrogen, /?h = 109,677.76 cm.""^ 
Ionization potential for H atom, 

RlAch = r;; — ~ 13.530 abs-volt. 




Schroedinger constant for electron 

Stt^WO 




= 1.664 X 10^^ g • erg ^ sec. ^ 


Schroedinger constant for H atom 

StT 




= 3.062 X 10^® g • erg ^ • sec. ^ 


De Broglie wave length associated with V -abs-volt-electron 

h h 


X = 


A/2moPc 


12.21 X lCr« cm • V-^ 
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SPECIAL TABLES OF MATHEMATICAL FORMULAS 


The following tables contain a number of relations which are of special interest in 
quantum mechanics calculations. For more complete tables the reader should con- 
sult the references given in the last section. 

1. Series Expansions. On the basis of the binomial theorem it is shown that 
for positive integral values of n 

. n{n — 1) « 0 0 . 

(a; + 2/)"^ = ic" 4- nx^ 4 — . 


n(n-l). ■ ■(n-fc + l)^„_y _ 

k\ 

4- nxy^~^ 4- 2/"*. 


For fractional and negative values of n the series converges for y/x < 1. If 
n > 0, the series also converges for \ y/x | == 1. 

Special cases: 

(1 4- x + x ^— . . . 

(1 — =14-x4-x2 4-^®4- . • . 


I X x^ x^ 7x^ 21x6 

(1 4“ ^ 2 "" 8 16 128 256 1024 ' 


(1 +^) 


X ^ ^ 35x^ _ 63x^ 231x6 
2 8 16 128 “ 256 1024 


e 



1! 2! 3! 


4- . . . = 2.718282 


^14-^4- 


2! 


4 -- 


3! 


4-. 


= 5* where a = log< b 
sin X = X — 


= In 5 = 2.30259 logio2>. 
3 !'^ 6 ! ‘ ‘ ’ 


cos X 
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sinh X =» -i sin (ix) * » + -^ + t, + . • • 
oI ol 

X* x^ 

coshx = cos (ix) “ ^ ^ + 4 j + • • • 

IT = 3.141693. 


2. Algebraic Equations, 
are given by the relation 


(1) The two roots of the quadratic equation 
ox^ + 6x + c = 0 


X 


h ^ — 4oc 

2a 


(2) Given the system of n equations with n unknowns, 

ailXl + ai2X2 + . . . + OinXn =* Cl 
+ ^22X2 + . . . + 02nXn = C2 


UnlXl + anaX2 + . . . + OnnXn ** Cn 

the solution is given by ^ 

XJb = ~ (clDl* 4* C^D^Jt + . . . + Cnf>fi*) 




where 



aiiai2 . . 

. Uln 

it 

11 

021022 • • 

. 02n 

• 

anlUn2« . 

• Onn 


and Dt* is a determinant of order n — 1 which is obtained thus: 

= (—1)*^*' X det. obtained by omitting from D the ith row and kih column. 


Hence 


n n 



For Ct ^ C 2 ^ • . . = Cn ~ 0 Qiomogeneous system of equations), xi * X 2 =» . . . 
» Xn » 0 if D 7^ 0. For D = 0, the system of equations determines the ratios of the 
unknowns. That is, 

xi : X2 : . . . Xn = Dll : D 12 : . . . : Din. 

^ This solution is taken from L. Silberstein’s Mathematical Tables. 
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3. Exponential, Trigonometric, and Hyperbolic Functions. 


sin {x ±y) = sin xco&y ± cos x sin y. 
cos (x d= 2 /) =» cos X cos 2/ =F sin x sin y. 

2i sin ox « 6^* — (where i * V—l j. 
2 cos ox = + €“■“*. 

^io» = cos ox + i sin ox. 

^-to* =s cos ox — t sin ox. 


sinbox 

cosh ox 



€«» = cosh ox + sinh ox. 
s cosh ox — sinh ox. 


ffynVi OX 


sinh ox 
cosh ox 


cosh^ ox — sinh^ ox 


LzJl!!!. 
= 1, 


DeMoivre's formula: For integral^ fractional, and negative values of n, 
(cos a + i sin 6)^ = cos i sin nd. 


Given 


^2 3*2 ^ ^2 ^ (3. ^ iy ) (3. _ iy )^ 

the complex number (x — iy) is the conjugal of (x + iy)» 

I 2 I = 4- V'x^’^^, is known as the modvlua^ 
I 2 1^ = norm of 2 . 


With polar codrdinates such that x = r cos 2/ sin 
r = I 2 I; 2 = r(cos 0 -f i sin 0) = 

The complex conjugate of 2 is designated by 2 , and hence 
2 = r(cos a — i sin a) 

I2I2. 


4. Definite Integrals. 




,5 

^sin® xdx 


cos* xdx = - • 


J ^sin^ xdx = I *cos^ xdx 

0 t/o 


‘ 4 * 4 ' 



416 


APPENDIX III 


*8in" xdx «“ - — - /**8in" * xdx for n ^ 2. 
0 M «/o 

“ /»“ 

^ ^ I co8"~^ xdx for n ^ 2. 
n Jo 

r 
x 


cos” a;cia; 


sin TTix ‘ sin nxdx 


6in’”a5*cos"iB(ia; = 


mx • cos nxdx » 0 for m n. 


1 • 3 • 5 . . . (m - 1) • 1 • 3 • 5 . . . (n - 1) 


2 • 4 • 6 . . . (m + n) 

where m and n are both even integers, 

2-4-6. .. (m - 1) 

*“ (n + 1) (n + 3) . . . (m + n) * 

where m is odd. 

The error function is defined by the integral (that of Gauss) 


erf a; = f € ^dx. 
VttJo 


The exponential integral 


Evler^s constant 


Ei(x) =1 — du» 

/oo U 


PH 

Evaluation of integrals of the form Jn - I x^e 

Jx^ 


^dx. 


Since -- (a;”€~*) * nx” 
dx 



x^e^dx = n 



x^-\-^dx - (X2e”*2 - 


That is, the value of Jn is expressed in terms of Jn-i. Proceeding in this manner 
it is shown that 


^ =« *n!(l + ^j +1 + . . . + ^ + . . . + ^). 


Consequently, 


pto 

J x\~*dx = n!, 

J* x^C^dx = n! — 



and 
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From these rdations the following integrals are derived: 


r 

r 


€^dx = 1; 
xC^dz = 1; 


X flO 

CHx = €”*; I 

t/o 




X€ *dx = €“"*(1 + »); 


X€ *dx = 1 — €*”*(1 + »), 


^ P 
£ 

xh-’dx = 2; x^r^dx = 2*-*^! + * + ^ • 

J^xh-*dx = 6; J\^r*dx = 6€-* ^1 + X + ^ • 

Integrals involving may be reduced to the same form thus: 

J x\~”^dx =5^;^ J (»ix)"*“"“d(m) J'y’^e^dy. 


R. Eisenschitz and F. London, Z. Physik^ 60, 491 (1930), give a table of Ex- 
change ” and Coulomb integrals which occur in the treatment of the problem of inter- 
action of two hydrogen atoms. 

The Gamma Function or Etder^s Integral of the Second Kind is defined thus: 

:”~^€“*dx == r(n). 

For positive integral values of n 

r(n) = n(n - 1) = 1 • 2 . . . (n - 1) = (n - 1)! 
r(i) =n(o) =1; r(o) = «>. 



Integrals which are of special interest in the kinetic theory of gases (see Appendix 
in J. H. Jeans’ ** The Dynamical Theory of Gases ”): 




£ 

X oo 


1 » 3 - 5 . , . (2n ~ 1) 

2n+l 



n! 

2^’ 


Special cases which are of importance: 


£ 

J r'oo 
0 

X 

J ^oo 
. " 


« ***’dx 

mu? 


^^dx 


»00 

2 ^2*7, 


x^e dx 


***’dx 


l.kvliT 
iV m 

1 

' mkT 

1. /Svfc’r* 

“aV m* 


1 



418 


APPENDIX III 


6. References for Numerical Values of Functions and Integrals. 

(CH) ** Handbook of Chemistry and Physics/^ Chemical Rubber Publishing Co., 
Cleveland, Ohio. Annual publication. 

(ST) “ Smithsonian Physical Tables,” eighth revised edition, edited by F. E. 

Fowle, Smithsonian Institution, Washington (1933). 

(MS) “ Mathematical Tables,” L. Silberstein, G. Bell & Sons, Ltd., London, 
England. 

(MP) A Short Table of Integrals,” B. O. Peirce, Ginn & Co., Boston. 

(JE) Funktionentafeln mit Formeln und Kurven,” E. Jahnke und F, Emde, 
B. G. Teubner, Leipzig and Berlin, 1933. 

Function 

In X, 1 

cosh x, sinh x ] 

n^f n\ n^, 
w!, log n! 
n\ n®, 

Erf function 

Ei(x); r(n) for n = 1 to 2 
Diffusion integral 



Zonal spherical harmonics, ST, JE 

Derived Legendre polynomials, JE. 


Reference for Tables 

CH; ST; MP; JE 

CH; ST, (n - 1 to 999) 
CH, (n = 1 to 100) 

CH, (n = 1 to 100) 

MS, MP 
ST 

ST; JE 
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SOME FUNDAMENTAL THEOREMS AITO 
DIFFERENTIAL EQUATIONS 


Quantum mechanics is a development which has its basis in classical physics. 
It represents an evolution and not a revolution, as has been imagined by many, 
especially those who have not taken the trouble to study the logic and technic 
of the subject. From this point of view the student of quantum mechanics will find 
it of interest to renew his acquaintanceship with some of the concepts and theorems 
which should be regarded as the foundations of theoretical physics. 

In the following sections an attempt has been made to present a summary, or 
rather digest, of some of the theorems and differential equations which are of a 
fundamental nature and of such general scope that they have found application in 
many diverse fields of physics. 

Many of these theorems may be derived cither by direct mathematical argu- 
ment or by application of the concepts of vector analysis. The latter method is the 
more concise, and, though its symbolism may seem artificial, there is a deep physical 
significance in the use of vectors. 

The presentation given in the following sections follows closely the excellent 
summary given by R. E. Doherty and E. G. Keller in “ Mathematics of Modern 
Engineering,” Vol. I, Chapter III. The bibliography at the end of the chapter 
gives references to a number of other works on the topic of vector analysis. 

1. Vectors and Vector Products. All elementary physical quantities may be classi- 
fied into two groups: vectors and sccdars, A scalar is that which has magnitude only; 
a vector has both magnitude and direction. For in- 
stance, mass, length, and energy are scalars, but ve- 
locity, force, and momentum are examples of vector 
quantities. 

A vector is represented, as shown in Fig. 1, by a line 
drawn in the direction in which the magnitude is effec- 
tive, and an arrowhead is used to indicate the sense. 

To distinguish between them, vectors are usually 
printed in bold-face type, and scalars in italics. 

The vector R has the magnitude r, and the direction 
indicated by the arrow. The convention regarding sign is as follows: The positive 
direction of the z-axis is taken to be that in which a right-handed screw advances 
as it is rotated in the xy-plane from the positive direction of the x-axis to that of 
the 2 /-axis, as indicated in Fig. 1 by the circular arrow in the x 2 /-plane. 

The direction of a vector is usually indicated by the three direction cosines (see 
Fig. 1) 

I = cos (x, r) = cos a j 

m = cos (y, r) = cos /3 I • (1) 

n = cos ( 2 , r) = cos y J 



( 2 ) 


Hence, 


+ n* » 1. 
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If Zi, wi, m and ht W2, W2 are the direction cosines of two vectors R and Q, drawn 
from the same origin, the angle $ between the two lines is given by 

cos 0 = I1I2 + wim2 + W1W2. ( 3 ) 

It follows that if the two vectors are at right angles to each other, 

I 1 I 2 + W 11 WI 2 “f“ n.iW 2 = 0. (4) 

A unit vector is one whose magnitude is unity, and the three unit vectors i, j, k 
correspond to vectors of unit length directed along the three rectangular coordinate 
axes X, i/, 2, respectively, as shown in Fig. 1 . Any vector Ri'is therefore described by 
the three component vectors thus: 

Ri = ixi + jyi + k 2 i, ( 5 ) 

where ri the magnitude of the vector R is given by the relation 

r? = *1 + + 2?. 

If we have another vector 

R 2 = ia;2 + m + 

making an angle 6 with the vector Ri, the resultant vector Q is given by the law of 
parallelogram of velocities 

1 Q |2 = I i2i |2 + I iBs |2 + 2 I IZi II iZ 2 1 cos e, (6) 

where the vertical lines indicate that the absolute value of the vector is to be used. 

The scalar or dot product of two vectors is a scalar and is written in the form Ri * R2. 
It is defined by the relation 

Ri • R 2 = + }yi + k2i) • (ix2 + yy^ + ^ 2 )* (7) 

Since i‘i=j*j=k’k = l 1 

and i-j =i-k -k-i =0 J ^ 


it follows that Ri • R2 = R2 * Ri = + 2/12/2 + ( 9 ) 

That is, the order of “ multiplication ” is unimportant. 

The vector or cross product of two vectors is a vector 
perpendicular to the plane containing the two vectors 
and is regarded as positive if the product is taken in 
the same direction as that of the rotation of a right- 
handed screw. Thus, in Fig. 2 

Q = Ri X R2 = -R2 X Ri. 

That is, the order of “ multiplication is significant, 
and the product is said to be non-commutative. The 
absolute magnitude of the vector Q is equal to the 
area of the parallelogram of which Ri and R2 are the 
sides. That is, 



It follows that 


I iZi I X I /Z 2 I sin e, 

i Xi =jXj=kXk =0 
j X k = i = -k X j 
k X i = j = -i Xk 
i X j » k = X i 


( 10 ) 


( 11 ) 


It is important to note the cyclical order of the factors in the last three equations. 
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2. Line and Surface Integrals of Vectors, (a) Line Intergrals, The work done 
by a force F on a particle in moving a distance dr is given by F cos ddr, where 0 is 
the angle between the direction of F and that of dr» (In Fig. 3 dr is directed along 
the tangent to the curve.) In vector notation, work done in traversing the distance 
AB along the curve is given by 


X 


B 

F-dr 



B 

F cos Qdr 

B 

{iFx + iFy + kFz) • (idx + }dy + kdz) 
B 

(Fxdx + Fgdy + F^z), 


( 12 ) 




(6) Surface Integrals. Consider a region in which there is a potential energy 
function. Let S designate a closed surface drawn in this region (see Fig. 4), and 
consider a prism P, in this region, of cross section dydz, the sides of which are parallel 
to the OX-axis. Let dSi and dS 2 denote the intercepts of this prism on the surface 
Si and let l\m\n\ and hm^n^ denote the direction cosines of the normal to these 
two elements of surface respectively. 

Then dydz = hdSi = -hdS^i and F 3 ^dyd^ = FihdSi - F 2 l 2 dS 2 denotes the net 
flux through the prism P in the outward direction, where F i and F 2 designate the 
values of Fx at xi, y, z and X 2 i y^ z respectively. 

More generally, if n designates the unit distance along the normal to any element 
dS of the surface, this element can be represented by a vector 

dS = ndSi 

and the integral 

j ' F • = / F • dS 

s Js 

is the surface integral of F over the surface S. 

The surface integral thus defined evidently corresponds to the total flux of F 
through the surface S. If F is the intensity of heat flow (e.g., in calories) per unit 
time, per unit area perpendicular to the direction of flow, the surface integral repre- 
sents the total heat flow through the surface per unit time. 

Similarly, F may represent a velocity vector, e.g., the mass of fluid crossing unit 
area per unit time. Then the surface integral represents the total flow through the 
surface, per unit time. 


(13) 

(14) 
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S. Derivative of a Vector. Let us consider the vector r of magnitude r, where 

r * k + jy + ks, (15) 

and X, y, and z are each functions of t. 

Then f defines the magnitude of a vector f, and we can express this -vector in 
terms of the components thus: 


dr . d* dy dsf 


(16) 


Similarly, we can express the acceleration in the direction of r as a vector by the 
relation 


d*r . (fix d*y dh 

(17) 

It is readily shown that 


d . . dRi _ _ c2!R2 

dl dt dt 

(18) 


(19) 

and that if R R(^i Vt ^)> then 


Jvidj = ij R:4 t + j JliydT +kj R^r, 

(20) 

where dr = dxdydz, 

4. The Gradient. Let F(ir, 2 /, 2 ) be a scalar point function. 

For instance, V 


may designate the potential energy function, or the temperature at any point in a 
given region. It is assumed that V is a continuous and 
singly valued function of the coordinates. 

For any value F = C, a constant, this function will be 
represented by a surface, designated an equipotential. 
Let us consider two adjacent surfaces defined by the 
equations V ^ C and V -f AF = C + AC (see Fig. 6). 
The derivative of F along the normal is dV I dn, and 
this is greater than the rate of change of F in any other 
direction, dV ! dr ^ since dn is less than dr. 

Evidently dY jdn is a vector, and it is known as the gradierU of F. This is usually 
designated thus: 

dV 

V • F - grad F - n • — » (21) 

dn 

where n is a unit vector in the direction of the normal. 

Since 



\dn) \9»/ \dy) \5*/ 
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it follows that we can also write 

„ dV dV dV 

where the symbol V, called “ del,” is a vector operator defined by the relation 


From this we deduce the operator 


,2 a* . d* . a* 


mm mm mm^Z ^ ^ ^ 

“ aJ* v a? 


(24) 


which is designated “ del squared ” and is also known as the Laplacian, 

As an application of the concept of gradient let us consider the flow of heat through 
a medium. The flow occurs in the direction of greatest rate of decrease of tem- 
perature, and is given by the vector relation 

q « - fc • Vr, (25) 

where q is the heat flux, V T is the gradient of temperature, and k is defined as the 
coefficient of heat conductivity. 

It will be observed that the dot product of the vector operator V and a scalar 
function is a vector f which is designated the gradient of the scalar function. 

6. Divergence. The result of operating with V on a vector function F(x, ?/, z) 
is a scalar function which is designated the divergence of F. From equation (23) 
we have the relation 


V 


F » i- 


dx 


+ j 



aF 

dz 


(26) 


Let Fxi Fyf and F, denote the rectangular component of F. Then 


Hence, 


F = iFx + iFy + 


dFx dFy dFs 
dx dy dz 

« divF. 


(27) 


If we regard F as a flux, that is, number of lines per unit area, the term divergence 
means the number of lines which spread out per unit volume. This interpretation is 
illustrated best by the application of the concept in the derivation of the equation 
of continuity. 

6. The Equation of Continuity. Let us consider a rectangular element of volume 
dxdydz * dr, at x, y, 2 , in a fluid of density p = p(x, i/, z). Let v denote the velocity 
of the fluid at the given point. The mass of fluid Af , flowing through a unit area, per 
unit time, is given by the mass of a prism of fluid of unit area and length v. That is 

M = pv, (28) 
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where M and v are vectors. Let My, and M« denote the rectangular com- 
ponents of the vector M. 

The rate at which fluid enters the area dydz in the positive direction of the a>-axis, 
at X, y, Zy is 

pvdydz — Mt^ydz, 

The rate at which fluid leaves the opposite area at a; + dx, j/, s is 


|pi»» + ^ {pvz)dx 


ij dydz — 


+ ^^dxy,ydz. 


^ydz. 


Hence the net increase m the mass of fluid inside the element dr, due to the vector 
component Mx> is 

dMx 


dx 


dr. 


Adding the net increments per unit time due to the inflow and outflow through the 
other four sides of the element dr, we obtain the relation 


That is, 


^ 4 . ^ 4 . 

\ dx 02/ dz / 

V • (pv) = V*M «divM=s — — • 

d^ 


(29) 

(30o) 


This is known as the equation of continuity. If p is constant throughout the fluid, 
this equation assumes the form 


| + pdivv=0. 


(306) 


If the fluid is incompressible, dp/d/ = 0, and hence 

V • M = 0. 


“ The name divergence,” as L. Page remarks, ** originated in this interpretation of 
V*M. For since — V • M represents the excess of the inward over the outward 
flow, or the convergence of the fluid, so V • M represents the excess of the outward 
over the inward flow, or the divergence of the fluid. 

7. Gauss’ Theorem. Let X, Y, Z be the components of a vector F, a continuous 
function of the coordinates, and let S designate a closed surface enclosing a region of 
volume V. 

Gauss’ theorem states that 




(31) 


where f, m, n are the direction cosines of the normal drawn outwards to the surface 
element dS. 

Since 


J r*i 


dx 


dx =s Xi — • X 2 , 


^ “ Introduction to Theoretical Physics,” p. 22. 
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it follows that 


J* di Jdy ’‘JdzJ dy{7ii - Xa), 


where Xi and X 2 are the values of X at the two elements dSi and dS^ in which the 
prism of cross section dydz intersects the surface S (see Fig. 4). 

But 

dydz a= l\dSi = 

Hence 

(Xi ~ IL^dydz = liSi\dSi — 

Integrating through the elementary parallel prisms and adding, we obtain the 
relation 


C ^dr = f IXdS. 
Jv ox Js 


In a similar manner it is shown that 

mYdS, and 


XI- 


s 


it- -x 


nZdSf 


from which equation (31) follows. 

From equation (27) it follows that (31) may be written in the form 


r V Fdr = r 

Jv Js 


(Wx *4" wFy nYz)dS, 


But the integrand on the right-hand side is equal to F cos 0, where $ is the angle 
between the direction of F and the normal at the element dS, Hence, 


V • Fdr - I F • nd.S = IF- dS. 
V Js Js 


(32a) 


If F is the derivative of a scalar point function 7, which together with its deriva- 
tives are finite and continuous over the configuration space, then 

„ dV „ dV „ dV 
~ bx' ~ dy'^^~ ~ dz' 


and 


F COB 9 - - 


dn 


Hence, equation (32o) may be written in the form 


• Fdr =^(divF)dT = - 


or as 


V^Vdr 




(grad V)dS. 


(321)) 


(32c) 


Gauss’ theorem (to be distinguished from Gauss’ law, which is discussed in a 
subsequent section) states a relation between the integral throughout a region V 
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of the configuration space and the integral taken over a surface S enclosing the given 
region. It is one of the most fundamental theorems in theoretical physics. 

8. Cross Product of Vectors. An important application of such a product is the 
theorem designated as Stokes* Theorem,'^ which states a relation between a surface 
and line integral (see section 2] in the form 

J ^*V XF - dS « Tp-dr, (33) 

8 JC 

where the second integral is taken along the entire curve C, enclosing the surface S, 
The operator V X F is known as the curl of the vector function F. 

From the rules for forming the cross product of two vectors it follows that 


VXF 


\dy d 2 j~^^\dz dx)'^ \dx dyj 

cm\ F. 


(34) 


The curl of F thus has the components defined by the bracket terms in the last 
equation. This operator is of special significance in electro- 
magnetic theory, but is also used extensively in other fields of 
physics. 

Another illustration of the cross product of vectors is obtained 
from mechanics. The moment of a force F about a point (see 
Fig. 6) is defined by the magnitude F X r sin 0 , This corresponds 
to a vector 

M « r X F (35) 

Fig. 6. which the direction, as follows from Fig. 2, would be perpen- 

dicular to the paper and pointing directly up. 

Resolving the vectors r and F into their rectangular components, 

M = r X F = (ix + jy + fce) X (iF* + jFy + kF*). 



0 r sintf lA 


Applying the relations for cross products of unit vectors given in (11), we obtain 
the relation 

M = iM* + iMy + kM*, 

where 


Mx = (yFg - zFy) ] 

My = {zFx “ xFx) • (36) 

Mx = {xFy ~ yFx) J 


9. Equation for Flow of Heat. In section 3 it was pointed out that the heat fiux 
through a body is given by the relation 

q « -JkVT. 


If there are no sources of heat within the surface, the heat flux through the'^surface 
must be equal to the rate at which heat leaves the body. Hence 




( 37 ) 


where c » heat capacity per unit mass, 

p = density. 

^ For proof of this theorem see L. Page, op. cU., p. 31. 
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The right-hand side of (37) can be writt^ in the form 


- « J^n • qdS, 

where n is the unit vector normal to the surface at the element dS, 
But in consequence of Gauss’ theorem, equation (32a), 


jTn • qdS • qdr * — J* 


V • WTdr. 


Hence we derive from equation (37) the partial differential equation 


dt 


-V-WT. 

cp 


If A; is assumed constant, this equation becomes 


dt 


-V^T. 

cp 


(38) 


(39) 

(40) 


While equation (39) is the general differential equation for heat flow, equation (40) 
is the form usually adopted. The solutions of this equation give T as a function of 
both t and the space coordinates. 

Equation (40) can be applied to other types of flow ” as well as heat flow. In- 
stead of a gradient of T, we can have, in a solution, a gradient of C, the concentration 
of solute. The resulting form of equation (40) is 

-^=D.V*C. (41) 


where D is the coefficient of diffusion. Equation (41) is known as Pick’s equation. 

10. Equation for Wave Motion. The differential equation for the propagation 
of a wave motion may be deduced directly, as in section 2.4, or by application of 
vector analysis. In terms of rectangular coordinates the equation has the form 


av 

a<2 



dy^ 





(42) 


where 4> is the amplitude and t; is a constant which is known as the phase velocity. 

In order to integrate this equation we use the method of separation of the variables 
and postulate, as in section 2,4, that we can represent <»(<, x, z) h product of 
four functions in the form 


0(^ aJ, V, z) = gif) -Xix)- Yiy) • Z(«). 
If this is a solution, then we must obtain the relation 

git) '' X y' dy^ Z bz^ 

where is a constant. 

This leads to the solutions 

git) = 

Xix) = 

Yiy) = 

Ziz) « + £>26”^'^*, 


whereoj^ + + 7^ = 



428 


APPENDIX IV 


Evidently, m> has the dimensions of a frequency and therefore m must have the 
dimensions of a reciprocal length L which is fixed by the boundary conditions of the 
problem. That is, m = nir/L, where n will be an even or odd integer, and 2 L/n « X, 
a wave length which has three components, one for each of the axes of coordinates. 

11 . Gauss’ Law. Let us consider a surface B drawn about the point P (see 
Fig. 7 ) at which is located a positive charge e. With P as vertex draw a cone of solid 





angle do) and let dSi and dS^ designate the intercepting surface elements. Let 
01 and O2 designate the angles which the axis of the cones makes with the normals to 
the surface element. 


Then, 


so that 


dSi cos 61 = r?dw 
dS2 cos $2 = ridw, 


dw = 


dSi cos dS2 cos 02 


( 43 ) 


But the force F on a unit charge, directed outwards along the normal, is given by 
c/ri cos 01 at dSi and by e/rl cos 02 at dS2* Hence 


F 2!dS2 “I" F idSi = — cos 0 id<S'i — » cos 02d<S2 

ri n 

= 2 e * d«. 


If now we continue to divide up the surface into elements by an infinite number of 
cones, and add up the contributions to the total fiux through the surface, we shall 
obtain the relation 


P cos 0dS = I F • ndS 

s Js 


-X 


F-dS 



2ir 

dw » 4 ire. 


( 44 a) 


This result is evidently valid if instead of one charge located at P we have a 
number of charges distributed inside the surface S. In that case, if p » p(x, z) 
designates the distribution function for the positive charge in each element of 
volume, equation ( 44 a) becomes 


F-dS 


4ifrJ\dT, 


( 446 ) 
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It is evident that, if the surface S is taken outside the point P' at which the charge 
is located (see Fig. 7), then the flux through the element dS 2 (located at A*) is 
equal and opposite to that through the element dSi (located at BO* Hence equations 
(44a) and (44&) assume the form 

• dS « 0. (45) 

Equations (44) and (45) are statements of Gauss* Law, 

12. Equations of Poisson and Laplace. Let us now combine equations (445) 
and (45) with Gauss’ theorem which was derived in section 7 in the form 





We thus obtain the relation 



•Fdr 


■X 


F-dS. 


« 47r 



which, in consequence of (27), becomes 


That is, 



(32) 


(46) 


Now, if the force components are derived from a potential energy function V = 
V(x, y, z), then 




da; ’ 


Fy 


dV „ 67 

^ 1 Fz A- J 

dy dz 


and therefore equation (46) assumes the form 


V2y 


/62 6 * 02 \ 


(47) 


Equation (47) is known as Poisson^ s equation. 

If p = 0, that is, if the potential energy function is taken over a region in which 
there is no electric charge, equation (47) assumes the form 




(48) 


which is known as LajAace’s equation. 

13. Transformation of Coordinates. In many cases it is more convenient to use 
a coordinate system different from that involving Cartesian coordinates. By ap- 
plication of Gauss’ theorem it is possible to derive the form of the operator for 
such a system. 

Let 


91 = 9i(»i y, *) 

92 “ 9a(». Vt *) 
9s = q»(.x, y, z) . 
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denote the generalized curvilinear coordinates as functions of the Cartesian coordi- 
nates. In the following considerations it will be assumed that the g-coOrdinates are 
of such a nature that three surfaces gi = constant, 52 ** constant, and gs “ constant, 
intersect orthogonally. Such a system is of the type designated ** orthogonal curvi- 
linear.” 

In Cartesian coordinates the three families of surfaces are families of planes 
parallel to the different coordinate planes. In polars we have a family of con- 
centric spheres, a family of cones with the same axis and vertex, and a family of 
planes intersecting in the one straight line. In cylindricals we have a family of co- 
axial cylinders, a family of planes intersecting in the axis of the cylinders, and a 
family of planes at right angles to the axis of the cylinders. In elliptic coordinates 
we have three families of confocal conicoids, ellipsoids, hyperboloids of one sheet 
and hyperboloids of two sheets.”^ 

Let us consider the element of volume bounded by the planes 





This will be approximately rectangular, and the length of the side between the 
surfaces qi — dgi /2 and qi + dqi /2 is aidqu where oi is a function of gi, g2, and gs. 
Similarly, let a2dg2 and a^dq^ denote the lengths of the#other sides where 02 and 03 
are each functions of the three generalized coordinates. 

Let Qi, Q2) and Qs designate the components of force normal to the surfaces 
gii g2» aud ga respectively. 

Then the area of the surface at gi is a^a^dq^z, and the flux of force through this 
area is (iia^zdq^qz- The difference between the flux at gi -|- dgi /2 and that at 
gi ^ dgi /2 is given by 

d 

— (Qia 2 a 3 )dgidg 2 dg 3 - 
dgx 

Adding up the net amounts of flux through the other two pairs of surfaces, and 
applying Gauss' law, the result obtained is 

(Qia2a3) -h (Q2aia3) + ^ (Q 301 U 2 ) [ dgidg2dg3 * 4Tpai0203dgidg2dg8. 

[dgi dg2 oqz J 


That is, 

— “ — (Qi® 2 a 3 ) ^ (Q8U1U2) 

010203 [^1 ^2 oqz 

which is a more generalized form of equation ( 46 ). 

Let V “ F(gig2g3) denote the potential function. Then 


- 4 tp = 0 , ( 49 ) 


Qj as — > Q 2 — 9 

oidgi a2dg2 


Q 3 = - 


dV 

azdqz * 


and equation ( 49 ) becomes 
dgi 


a /am av\ . a /am av\ , a /am av\ . , ... . 

_ I j ^ _ I j + _f — _ j -I- 4irpoi0203dgidg2dg8 « 0. 

agi \ oi dqi/ dqz \ 02 dqz/ oqz \ 03 dqz/ 


( 60 ) 


* R. A. Houstoun, ** An Introduction to Mathematical Physics,” p. 21 , on whose 

remarks this section is based. 
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Comparing the last equation with equation (47), it follows that 
V27 _ 


(61) 


aia2a3 ^ dgi \ ai bqi) 

The element of volume is evidently 

dxdydz » aia^^dqidq^zt (52) 

and the element of distance dS is given by the relation 

(ds)* = al{dqi)‘^ + aUdq^y + (63) 

The product 010203 is known as the discriminant of the transformation.^ 

Illustrations of transformations to cylindrical spherical polar and confocal elliptic 
coordinates have been given in different sections in the preceding chapters. 

14. Green’s Theorem. Equations (31) and (44&) lead to the relation 

+ mY + nZ)dS = - + g + (64) 

In this equation X, Y, and Z may be written as the force components derived from 
a potential energy function Y, such that 


^ ax ' ay ’ 


z = - 


dz 


Let 


X « 


Z 


dx 

^a^ 

dz 


where ^ and ^ are scalar point-functions which with their derivatives are uniform, 
and continuous in the configuration space. From the equations in section 7 it 
follows that 


IX + mY +• nZ 


dn 


Also 


OT OT ^ 

dx dy dz 


_a 

dx 


/,a^ , a^ , d^\ 

\ dx}^dy\ dy)^ bz\ dz) 




^ dx dx 




fte® 


Hence 


XK+2SS)*--X*s-^- 

^ It should be observed that the magnitudes designated by oi, 02, and 03 corre- 
spond to the squares of the magnitudes designated by the same letters in equation 
(4.22) and in section 6.2. 
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This is one form of Green’s theorem. A second form, which is more generally used, 
is derived from (55) as follows: If, in equation (55), ^ and ^ are interchanged, the 
result is 




dS. 


(56) 


Now let us subtract (56) from (66). The result is the second form of Green’s 
theorem 


J* - 'I'V**)rfT = 



(67) 


Because of equation (21) this may be written in the form 

j (4>V^'If — ^V^^)dT = — / (4> grad ^ ^ grad 4>)d/S, (58) 

V Js 

which is extremely useful in quantum mechanics. 

16. Proof that Solutions of S. Equation Form an Orthogonal System of Functions. 
In the S. equation 

2 

let 4>n and 0m designate two eigenfunctions corresponding to the eigenvalues En and 
Em respectively. Then 

— ~ V 0n "f* V0n ~ En*l>nt (1) 


and 


^ V 0m V0m — Em4>m» 


(ii) 


Multiplying both sides of equation (i) by 0m and integrating over the configuration 
space, the result is 


\ J* 4>rn^^^ndr -f- ^ V0m0ndT = En ^m4>ndr. 

Repeating the operation with 0n on equation (ii) the result is 

2 J* 0mdT + ^ V<l)nff>mdT = Em ^ 4>n<l>mdTt 

Subtracting (iv) from (iii) we obtain the relation 

— ^ J* (<l>n^ <t>n 0 nV 4>m)dr =* {En ^ Em) ^ 4>m4>ndT» 


From equation (57) it follows that the left-hand side of (v) is equal to 

( — 

dn ” 0w , 


m 




(iii) 


(iv) 


(v) 


(vi) 


Now it has been postulated that the solutions of the S. equation must represent 
functions which vanish at the limits of the configuration space. For instance, 
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the functions 0m, etc., must vanish for r » « , or for x «= y » s » ± <» . If 
we take the bounding surface S at these limits, then the integral in (vi) vanishes. 
Consequently, 


““Em) 4>m<t>ndT « 0, 


and if the state corresponding to En is not identical with that corresponding to Em, 
then En — Em^ 0. Hence 


^ ^tn<t>ndr = 0 forn m, 

= for n - m, 


where l/N is the normalizing factor. 

16. Solution of Laplace’s Equation in Terms of Zonal Harmonics.^ In Chapter 
VI the solution of Legendre’s equation (^.21) 

m 

was obtained by assuming that X could be expressed as a series of terms of the form 
and then determining the coefficients from the condition 

= m(m + 1), 

where m = 0, 1, 2, etc. 

It is possible, however, to obtain a solution of equation (59) by an entirely dif- 
ferent method which is of special interest in connection with the theory of potentials. 

The potential energy due to a unit of mass (or unit of charge) concentrated at a 
given point xiyizi is 

V =s ” = — ■ — • (i) 

r V(x - xi)2 + (2/ - yi)^ + (« - zi)^ 

That this is a solution of Laplace’s equation 

d^V d^V d^V 

is readily verified. By differentiation of (i) we obtain 

aF {x - xi) 

^ {(» - *1)* + (y - yi)* + (* - *1)®}* 

and 

a^F _ 3(x - xi)^ 1 

a®* “ {(X-Xi)* + . . .}8 {(x-xi)* + . . 

From similar relations for the derivatives with respect to y and z, we obtain the 
result 


{(* - * 1 )* + ...}* {(x - Xi)® + ...)* 


® Based on discussion by Byerly, Chapter V. 
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In terms of spherical coordinates r, and % (i) becomes 

7 = [r^ — 2 rri {cos B cos Bi + sin B sin Bi cos (iy — 171)} -f (ii) 


which is a solution of Laplace’s equation in spherical coordinates. 

Let us consider the case in which Bi = 0 , and V is independent of Then 

7 = (r^ — 2 rri cos 6 -f 
is a solution of Laplace’s equation 

If"'?') 

dr \ dr / sm ^ 60 \ dd / 

Equation (iii) may be written in the form 

V 


or 


1 / r r^\~i 

7»~(l -2-CO80 H--J • 
ri \ n rl/ 


(iii) 


(iv) 


(v) 


(vi) 


For ri/r < 1 , the expression in parentheses in (v) may be expanded into a con- 
vergent series, so that 




(Tii) 


where pm is a function of cos 0. 
Hence 


W 

dr 


““ I y. ) y 2mfpm * 1 


y I 

rfn-i-l * 


and 


sin 

Consequently, 


_2 :p«(^) (m + l). 


V^F - + l)p« + ^ e ^)] = 0. 

Since this must be valid for all values of r > ri, the coeflScient of each power of r 
must vanish identically, and therefore 


smtfdwV dsj 


+ m{m, + l)pi» = 0. 


(viii) 
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Now if we Bet » — cos 9, then 

dy dy dx dy . , 

= an — . sm 

do dx dB dx 

and equation (viii) assumes the form of Legendre’s equation, 

(1 - x^) - 2a;^ 4- w(m -f l)p,» *=» 0. (60) 

Hence, equation"^ (vii) is a solution of this equation. 

In a similar manner it can be shown that 



is a solution f or the case r/r i < 1 . 

It now remains to determine the exact form of pm> Let us consider the case 
r > ri, and the expansion of the expression in equation (v). Let cos 0 = x, and 
ri/r = z. Then 

(1 *- 2zx + - {l — 2 ( 2 x — z)}’‘^ = 1 + - (2x — «) 

A 




z)^ + 


1 »3 >5 
2*4*6 


zH2x - z)® 4* . . . 


The coefficient of z^ is pm, and the values of this coefficient are readily obtained. 
For the low values of m they are as follows: 


po 


P3 




and for the coefficient is 

(2m-l)(2m-3). . .if »»(m - 1) , 



m(m - 1) (m - 2) (m - 3) ^ 

2 • 4 • (2ni - 1) (2m - 3) * 

But this is the Legendre polynomial Pm{x). Hence for ri/r < 1, 

V = -TpoCcos^) +~Pi(cos^) 4-^P2(co80) 4* . . • 

rL r r 

+ ^P«(cos9) +. . .] (ix) 

is a solution of Legendre’s equation (60), where m is a positive integer. 
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Also 


and 


V « r"^Pm(cos^) 


are solutions of equation (iv). 

17. Potential at a Point Due to a Charge Distribution. Let us consider the poten- 
tial due to a homogeneous sphere. Let the radius of the sphere be a, and R the 
distance of the point P from the center of the sphere (see Fig. 8). 



/ crdt (fK^ 

y = / — Bin0d0d,;d/i, 

where <r « <r(r) is the charge distribution function and S denotes the distance from 
any point (inside or outside the sphere) to the point P. 

Now ^2 ^ /i 2 + 1^2 _ 2hR COB e. 

Differentiating for a constant value of h, 

SdS = hR sin Odd, 

Hence 

y =f jdsd„dh. 

For R> a, 




27r<r 

H 


■ r rMHds 

Jo jR-h R Jo 


( 47r<ra®\ 1 

\T~)r' 


(i) 


since a is independent of $ and rj. That is, for an external point the potential due 
to a sphere is the same as %f the entire charge were concentrated at the center. 


For 


P = a, F = 


47r<rO^ 


(ii) 


Since V is constant throughout a conductor the potential at a point inside the 
sphere must be the same as that at the surface. That is, for a point inside a sphere 
of given radius a, the potential is independent of the distance from the center and 
given by equation (ii). 

Let us now consider the potential at a point ri due to a charge distribution o- = <r(r) 
which extends from r = 0tor=«). It follows from equations (i) and (ii) that 
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for r < ri. 



Vi = f* <r(r) * 4irr^dr, 

’’It/O 

(iii) 

and for r > n, 

yil ^ P — •47rr2dr. 

(iv) 


Hence the potential energy due to the whole distribution is 

V ^ C <j{r)r^dr H- 47r f* <r(r) • rdr. (v) 

«/ 0 Ut\ 
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Degeneracy due to orbital-spin interac- 
tion, 306, 307 

Degenerate energy states, for helium 
atom, 269 

for hydrogen atom, 103, 181, 191 
for hydrogen molecule, 312 
perturbation theory treatment of, 
249/ 

for rigid rotator, with fixed axis, 146 
with free axis, 156 
Degrees of freedom, 85 
del operator, 423 
del squared operator, 423 
Dempster, A. J,, 11 
Dennison, D. M., 352, 355 
Derivative of a vector, 422 
Determinantal equation, 252, 270, 327 
Determinants, 248, 414 
Determinant-type wave functions, 305, 
365/ 

Diatomic molecule, dissociation energy 
for, 345 

energy levels for, electronic, 341 
rotational, 349 
vibrational, 343 

Differential equation (see also S. equa- 
tion), canonical, 95 
Fick, 427 
for heat flow, 427 
for hyperbolic functions, 27 
Lagrange, 88 
Laguerre, 186 
Laplace, 429 
Legendre, 148 

for motion under constant force, 20 
for orbit of electron in Bohr atom, 91 
Poisson, 429 

for propagation of wave motion, 29, 
427 

significance of, 20 
for simple harmonic motion, 22 
for vibration of a string, 31 
Diffusion, equation for, 427 
of particles in zero field, 390, 405 
Dipole interactioD, 220 


Dipole moment, classical theory of 
radiation for, 385 
electric, definition of, 219 
as vector quantity, quantum me- 
chanics interpretation of, 386, 
392/ 

Dirac, P. A. M., 1, 19, 77, 285, 409 
Directed valence bonds, Pauling's theory 
of, 358/ 

Discriminant, 85, 139, 431 
Disintegration, radioactive, 70 
Dispersion forces, 238, 259, 260 
Dissociation energy, of diatomic mole- 
cules, 345 

of hydrogen molecule, 332 
Distance, element of, m coordinates, 
curvilinear, 431 
spherical, 84 

Distribution Law, Maxwell-Boltzmann, 
for velocities, 125 

Planck, for black-body radiation, 125 
Divergence operator, 423 
Doherty, R. E., 46, 419, 437 
Dot product of vectors, 420 
Dushman, S., 17, 73, 75, 125, 196, 259, 
318, 329, 352, 358 

E 

Eccentric anomaly, 108 
Eckart, C., 75, 285, 290 
Eddington, A. S., 13, 19 
Eigenfunctions, antisymmetrical, see 
Antisymmetrical Eigenfunctions 
complete, including spin, for helium 
atom, 281 

for many-electron atom, 304 
for electron in box, 57 
electron spin, 281, 319 
expansion of, in terms of an orthogonal 
system of functions, 171/, 
242, 245 

geometrical interpretation of, for rigid 
rotator, 158/ 

for linear harmonic oscillator, 116, 120 
molecular orbital, 330/, 382 
for motion of electron in zero field, 39 
normalization factor for, see Normal- 
izing factor 

normalized, for coupled oscillators, 
227 
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Eigenfunctions, normalized, for coupled 
oscillators, first-order perturba- 
tion term approximation, 256 
normalized form of, definition of, 60, 
117 

normalized spherical, for hydrogen 
atom, 190 

orthogonality of, 62, 121, 133, 153 
orthonormal, definition of, 63 
for polyatomic molecules, Slater’s 
treatment of, 364^ 
proton spin, 353 

quantum mechanics interpretation of, 
192 

for reflection and transmission of elec- 
trons at potential barriers, 49, 
52, 64, 66 

relation between, and particle velocity, 
402Jf 

for rigid rotator, with fixed axis, 145 
with free axis, 150, 155 
rotational, for ortho- and para-hy- 
drogen, 353 
single-electron, 308 

for solution of radial S. equation, 186, 
188, 189 

for string fastened at both ends, 36 
symmetrical, see Antisymmetrical 
Eigenfunctions 
valence bond, 5- and p-, 359 
tetrahedral sp, 

zero-order, for helium atom, 271 
for hydrogen molecule, 313 
Eigenvalue, definition of, 36 
Eigenvalues, see Energy values 
Einstein, A., 1, 8 
photoelectric effect, law of, 8 
Eisenschitz, R., 232, 257, 258, 261, 417 
Eldridge, J. A., 5 
Electric dipole, moment of, 219^^ 

Electric oscillator, radiation from, 385^ 
Electron density distribution, see Proba- 
bility distribution functions 
Electron-pair bond, 310, 318, 356 
Electron spin, 278j^ 
magnetic moment of, 279 
quantum number, 279 
Electrons, anti-bonding, 356 
binding, 356 
in a box, 


Electrons, diffraction of, 11 
emission of, in intense fields, 72 
from a monatomic film, 75 
exclusion principle for, 279 
motion of, in field-free region, 39 
promotion of, 362 

reflection and transmission of, through 
potential barriers, 47^ 

Ellipse, eccentric anomaly, 108 
eccentricity of, 92 

equation for, in polar coordinates, 
106Jf 

Elliptic orbits, for central force systems, 
89jf 

mean value, of radius, 103 
of reciprocal radius, 105 
Elliptical coordinates, 394 
Emde, F., 177, 325, 418 
Emission of radiation, see Radiation 
Energy, of activation, 376# 
dissociation, of diatomic molecules, 
345 

of H 2 , 332 
evaporation, 236 

Hamiltonian function for total, 42, 
96, 111, 166, 180, 226 
interaction, of three univalent atoms, 
364, 374 

of four univalent atoms, 376 
kinetic, definition of, 78 
perturbation, degenerate case, first- 
order, 249# 

for hydrogen molecule, first-order, 
Heitler-London treatment of, 
310 

interpretation of, 315 
non-degenerate case, first-order, 
241# 

second-order, 245# 
potential, definition of, 79 
Morse equation for, of diatomic 
molecule, 346 

resonance, in molecules, 381# 
of sublimation, 236 
total, definition of, 80 
van der Waals interaction, for hydro- 
gen atoms, 228# 

for other atoms and molecules, 233 
Energy levels, spectral, of helium, 277 
of sodium, 6 
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Energy value for normal state of helium 
atom, 268, 292, 299 

Energy values, for coupled harmonic 
oscillators, 223, 226, 253 
discrete, for atomic systems, 4 
for electron in a box, 58 
for excited states of helium atom, 271 
for hydrogen atom, 191 
quantum mechanics treatment of, 
185 

Wilson-Sommerfeld treatment of, 
101 

for hydrogen molecule, Heitler-London 
treatment of, 315 
variational treatment of, 326 
for linear harmonic oscillator, 115 
for rigid rotator, with fixed axis, 145 
with free axis, 149, 156 
for string fastened at both ends, 36 
Equation, of continuity, 423 
for wave motion, 32, 427 
Equations of motion, in Hamiltonian 
form, 

in Lagrangian form, SSff 
Error function (erf) of Gauss, 136, 416, 
418 

Eucken, A., 352 
Eulcr^s constant, 325, 416 
Euler’s equation, 283 
Euler’s integral of the second kind, 417 
Euler’s theorem for homogeneous func- 
tion, 86 

Evaporation, energy of, 236 
Even and odd functions, 57, 59, 151 
Exchange force, 276 

Exchange integral (energy), 272, 274, 
307, 317#, 324, 356#, 370# 
Exclusion principle of Pauli, 279, 282, 
305, 319 

Expansion of a function in series of or- 
thogonal functions, 171#, see 
also Series developments 
Exponential functions, expression for, in 
terms of hyperbolic functions, 
28 

in terms of trigonometric functions, 
23 

Exponential integral, 325, 416 
Eyring, H., 357, 358, 365, 376, 378, 379, 
381, 382 
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Farkas, A., 352, 380 
Fick’s equation for diffusion, 427 
Fock, V., 304, 307 
Force, between dipoles, 227 
definition of, 78 

quantum mechanics concept of, 276 
Forces, dispersion, 238, 259# 
van der Waals, 208# 

Fowle, F. E., 208, 418 
Fowler, R. H., 73#, 236, 238 
Franck, J. 4# 

Frank, N. H., 81, 85, 110, 140, 207, 238, 
261, 407 

Frank, P., 46, 116, 410 
Free particle, in a box, 5^# 
wave mechanics representation of mo- 
tion of, 39# 

Frenkel, J., 55, 76, 168, 407, 409 
Frequencies of modes of vibration for 
coupled oscillators, 222# 
Frequency, of harmonic oscillator, 22, 111 
of vibration in molecules, 340# 
Functions (see also Eigenfunctions), ex- 
ponential, 22, 28, 34, 39, 145, 
415 

Hermitian, 116# 
hyperbolic, 28, 216, 414# 
hypergeometric, 75 
Laguerrc, 182# 

Legendre, 150# 

trigonometric, 23, 34, 57, 63, 145, 171, 
415 

Fundamental differential equation, for 
hyperbolic functions, 27# 
for particle under constant force, 20 
for simple harmonic motion, 22# 

G 

Gamma function, 417# 

Gamma-ray microscope, 14 
Gamow, G., 70 

Gauss’s error function, 136, 416, 418 
Gauss’s law, 428 
Gauss’s theorem, 424 
General solution of differential equation, 
22, 28 

Generalized coordinates (see also Co- 
ordinates), 82# 
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Generalized momenta, 94 
Generating function, for associated La- 
guerre polynomials, 185 
for associated Legendre polynomials, 
155 

for zonal harmonics, 433 
Germer, L. H., 11, 18 
Gershinowitz, H., 376 
Goppert-Mayer, M., 220 
Goudsmit, S., 196, 279, 282, 410 
Gradient, 422 

Gravity, motion under, 80, 407 
Green’s theorem, 295, 431 
Group velocity, relation to particle 
velocity, 402^^ 

relation to phase velocity, 398J^ 
Gurney, R. W., 17, 68Jf, 76, 214, 407, 409 

H 

Haas, A., 409 

Half-integral quantum numbers, 115 
Hamiltonian function, for coupled os- 
cillators, 221 
definition of, 96 
for harmonic oscillator. 111 
for hydrogen-like atom, 99 
, for rigid rotator, 161 
in spherical coordinates, 140 
Hamiltonian form of function for total 
energy, 42, 96, 111, 166, 180, 221 
Hamiltonian operator, 203, 284, 290, 294, 
309, 321, 365# 

Hamilton’s function, 97 
Hamilton’s principle, 96, 283 
Harmonic oscillator, average value, of p 
for, 128 
of z for, 127 

classical treatment of, 22# 
distribution functions for, 122 
eigenfunctions for, 116, 120 
energy levels for, 115 
probabilities of transition for, 131# 
quantum mechanics treatment of, 111# 
radiation from, 385# 
selection rule for, 393 
Harmonic oscillators, coupled, 219# 
Harmonics, surface spherical, 158# 
Harteck, P., 352 
Hartree, D. R., 262, 303, 304 
Hass4, H. R., 230, 232, 339 


Haurwitz, E. S., 308 
Heat flow, equation for, 423, 426 
Heisenberg, W., 1, 12, 13, 15, 19, 131, 
352, 398, 409 

Heitler, W., 257, 310, 315, 316, 318, 325, 
329, 356, 358, 370 

Heitler-London type of bond, 310, 318, 
356 

Helium atom, ionization potential of, 
268, 293, 300 

multiplet levels in spectrum of, 280 
perturbation method, for excited states 
of, 268# 

for normal states of, 265# 
spectroscopic energy levels for, 277 
variational method for normal state 
of, 289, 293 

Helium atoms, van der Waals interaction 
of, 233 
Hermite, C., 116 
Hermitian matrix, 249 
Hermitian polynomials, 116# 

Hertz, G., 4, 5 
Hertzian oscillator, 385 
Herzfeld, K. F., 238 
Hilbert, D., 46, 116, 138, 155, 177 
Hill, E. L., 409 
Hiller, K., 352 
Hitchcock, F. L., 46 
Homopolar bond, 310, 318, 356 
Homopolar terms in bond functions, 331 
Houston, W. V., 46 
Houstoun, R. A., 46, 176 
Huckel, E., 358, 383, 384 
Humphrey, D., 46, 176 
Hund, F., 330, 352, 409 
Hydrogen atoms, elastic reflection of, 318 
interaction of, with para- or ortho- 
hydrogen, 380 

molecule formation from, 310# 
van der Waals interaction of, 228 
Hydrogen bromide, potential energy 
(Morse) curve for, 380 
Hydrogen-like atom, angular momentum 
of electron in, 206 
average values, of r for, 200 
of 1 /r for, 202 
classical treatment of, 99# 
distribution functions for, angular, 193 
radial, 195 
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Hydrogen-like atom, energy states of, 
101, 185, 187, 263 

normalized fimctions for, radial, 188 
spherical, 190 
orbital radius of, 178 
radial equation for, 182 
S. differential equation for, 180 
Hydrogen molecule, dissociation energy 
of, 332 

energy states of, 341 
rotational, 349 
vibrational, 343 
excited states of, 342, 348, 351 
potential energy (Morse) curve for, 
341, 346 

theory of formation of, Heitler-London 
method for, SlOff 

method of molecular orbitals for, 329 
variational method for, 326 
Hydrogen molecule ion, plots of eigen- 
functions for, 218 

Hydrogen molecules, repulsive inter- 
action of, 357 

Hylleraas, E. A., 293, 299, 300, 332, 333 
Hyperbolic functions, 28, 66, 216, 414, 415 
Hvporgeometric type of S. equation, 75 
Hypotheses in physics, r61e of, 2 
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Indeterminacy, Principle of, 12, 40, 44, 
124, *205, 302, 398 
Ingersoll, L. R., 176 
Ingham, A. E., 236 

Inhomogeneous differential equation, 242, 
269, 314 

Integral invariants, 98 
Integral logarithm, 325, 416 
Integrals, Coulomb type, see Coulomb 
integral 

definite, expressions for, 415ff 
exchange type, see Exchange integral 
Interaction, of two hydrogen atoms, 
elastic reflection in, 318^ 
molecule formation in, SlSjff 
of two pendulums, 211 
(repulsive) of hydrogen molecules, 357 
van der Waals, 208# 
of helium atoms, 233 
of hydrogen atoms, 228, 256 
of two linear oscillators, 225, 252 


Interatomic distance in hydrogen mole- 
cule from band spectrum, 347 
Ionic bonds, 331 

Ionic terms in bond functions, 330 
Ionization energy, of hydrogen atom, 412 
of helium atom, 268 
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Jacobian, 294, 339 
Jahnke, K, 177, 325, 418 
James, H. M., 333#, 356, 381 
Jeans, J. H., 176, 230, 257 
Jeppesen, C. R., 342, 346#, 351, 355 
Jones, J. E., 236 
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Keller, E. G., 46, 419, 437 
Kellogg, O. D., 176, 437 
Kelvin, Lord, 1 

Kemble, E. C., 168, 177, 240, 261, 288, 
409 

Kennard, E. H., 17, 407 

Kepler, third law of planetary motion, 93 

Kimball, G. E., 382 

Kinetic energy, average value of, for 
hydrogen atom, 202 
definition of, 78 

expression for, in terms of gradient of 
eigenfunction, 204, 287, 296, 
301 

relation to solution of S. equation, 
201#, 301 

virial theorem for, 109 
Kinetic-potential, see Lagrangian func- 
tion 

Kirkwood, J. G., 210, 232# 
Kistiakowsky, G. B., 384 
Kronig, R. de L., 343 355 
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Lagrange, J. L., 80, 86 
Lagrange^s equations of motion, 88, 283 
Lagrangian function, 88, 283 
Laguerre polynomials (functions), 185# 
Land6, A., 407 
Langmuir, I., 2 
Laplace’s equation, 429 
solution of, in zonal harmonics, 433 
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Laplacian operator, 423 
in codrdinates, Cartesian, 137 
confocal elliptic, 339 
orthogonal curvilinear, 139 
spherical, 139, 141, 180 
Laue, M. v., 182, 409 
Least action, principle of, 98 
Legendre polynomials (functions), asso- 
ciated, 154;^^, 418 
of order zero, 435 
Ijegendre transformation, 95 
Legendre’s equation, 148, 435 
Lennard-Jones, J. E., 224, 228, 230, 232, 
234Jf, 257, 307 

Lindsay, R. B., 17, 86, 89, 110, 261, 410 
Linear harmonic oscillator, see Harmonic 
oscillator 
Line integrals, 421 
relation to surface integrals, 426 
Localized pairs, method of, 374 
London, F., 209, 210, 219, 230, 232, 233, 
236, 257, 258, 261, 310, 315, 
316, 318, 325, 356, 358, 370, 
376, 377, 417 

M 

MacRobert, T. M., 155, 176 
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412 
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Magnetic quantum number, 192 
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Main-Smith, J. D,, 280 
Many-electron atom, method of Hartree, 
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method of Morse, Young and Haur- 
witz, 308 

method of Slater, 304 
Margenau, H., 17, 86, 89, 110, 232, 261, 
410 

Mathematical formulas, special tables 
of, 413 

Matrix, definition of, 248 
Hermitian, 249 

Matrix elements, calculation of, for 
helium atom, 272 
for hydrogen molecule, 327 
in treatment of polyatomic molecules, 
36Alf 


Maxwell, Clerk, 16, 385 
Maxwell-Boltzmann distribution law for 
velocities, 125 
Mayer, J. E., 234 
Mean values, see Average values 
MeUor, J. W., 46, 399 
Methane molecule, bond structure of, 362 
Michelson, A. A., 1 
Minimum energy, principle of, 283 
Mises, R. V., 46, 116, 410 
Molecular orbitals, 329, 333 
Molecules, energy levels for, see Hydro- 
gen molecule 

Momenta, generalized, definition of, 94 
Momentum, angular, for electron spin, 
279 

for motion of rotator, 166^ 
unit of, 412 

Momentum operator, 167 
Morley, E. W., 1 

Morse, P. M., 122, 136, 155, 156, 158, 
186, 240, 244, 260, 261, 288, 
308, 316, 345, 346, 407, 409 
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diatomic molecules, 346, 379 
Moseley, J. H., 4 

Motion under action of constant force, 81 
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218, 303, 409 
Muller, A., 238 
Mulliken, R. S., 330 
Multiplet levels in spectrum of helium, 
277, 280 
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Newton’s second law of motion, 77, 402 
Non-polar bond, 319, 331 
Nordheim, L., 7^ff 
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oscillators, 222 
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Normalizing factor, definition of, 60, 117 
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for radial eigenfunctions of hydrogen- 
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ics, 157 

for trigonometric functions, 63 
Nuclear spin for hydrogen, 352 
Nuclei, radioactive distintegration of, 70 
Nullpunktsenergie, 116 

O 

Odd and even functions, 67, 69, 151 
Operator, angular momentum, 167 
commutative and non-commutativc, 
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del, definition of, 423 
del squared, 423 
divergence, 423 
gradient, 422 

Hamiltonian, 203, 284, 290, 294, 301, 
309, 326 

Laplacian, 137, 139, 423 
linear momentum, 42 
method of deriving S. equation, 42 
vector, 419jy 
Oppenheimer, J. R., 73 
Orbital quantum numbers, 280 
Orbitals, molecular, 329, 333 
Orbits, for central force systems, 89ff 
types of, on basis of Wilson-Sommcr- 
feld conditions, 102 

Orthogonal curvilinear coordinate sys- 
tems, 84, 138, 430 

Orthogonal functions, expansion in terms 
of, 171Jf 

Orthogonality of solutions of S. equation, 
62, 121, 133, 153, 432 
Orthohelium, 277 
Orthohydrogen, 352 
interaction of, with atomic hydrogen, 
380 

Orthonormal functions, definition of, 63 
Oscillator, see Harmonic oscillator 
anharmonic type, 345 
electric, radiation from, 385ff 
Osgood, W. F., no 
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p-eigenfunctions, 360 
Packets, wave, 398# 

relation to particle velocity, 402 
spreading of, in time, 406 
Page, L., 85, 101, 110 


Parahydrogen, 352 

interaction of, with hydrogen atoms, 
380 

Parhelium, 277 
Particle, in a box, 55 
in field-free region, 39 
Paschen-Back effect, 279 
Pauli exclusion principle, 279 
application, to helium atom, 280 
to hydrogen molecule, 319 
m relation to antisymmetneal func- 
tions, 282, 305 
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138, 155, 163, 177, 188, 191, 
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374, 381#, 392, 409, 410 
Peirce, B. D., 418 
Pekeris, L. C., 349, 3.50 
Penney, W. G., 329, 330, 357, 374# 
Perturbation method, application of, to 
coupled oscillators, 253 
to helium, excited state, 269 
normal state, 265 
to hydrogen molecule, 314 
to Stark effect, 259 
to van der Waals interaction of two 
hydrogen atoms, 256 
to Zeeman effect, 260 
Perturbation theory, first-order terms, 
for degenerate states, 249 
for non-degenerate states, 241 
second-order terms, 245 
Phase velocity, 33, 41, 401 
Phillips, H. B., 46 
Photoelectric effect, 8 
Photons, 9 

Physical constants, values of, 411 
Planck, M., 1 
Planck^s constant, 5, 99 
Planck^s distribution law, 125 
Poincar6, H., 2 
Poisson's equation, 429 
Polanyi, M., 238, 365, 376, 378, 381 
Polar bond, 331 

Polar coordinates, equation of ellipse in, 
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Polarizability, definition of, 220 
relation, to dispersion spectrum, 237, 
259, 260 

to force constant for harmonic oscil- 
lator, 221 

Polarization of emitted light, 394, 396 
Polyatomic molecules, Slater^s treatment 
of, 364Jf 

Polynomials, Hermitian, 116 
Laguerre, 185 
Legendre, 150, 157 

Potential due to charge distribution, 266, 
436 

Potential barrier problems, 47/ 

Potential energy, average value of, for 
central orbit, 105, 109 
definition of, 79 
for harmonic oscillator, 26, 111 
for hydrogen atom, 202 
in relation to solution of S. equation, 
203/ 

sign of, 81 

virial theorem for, 109 
Potential energy (Morse) curve for 
hydrogen molecule, 341 
Potential energy curves, for hydrogen 
molecule, hydrogen bromide 
and bromine, 380 

for van der Waals interaction between 
atoms, 235 

Potential energy function, relation of, 
to solution of S. equation, 201/ 
Power-series method for solving S. 

equation, 114, 148, 183 
Principle, of Correspondence, 17, 231, 
388 

of Hamilton, 96 

of Indeterminacy, 12, 40, 44, 124, 205, 
302, 398 

of least action, 98 
of minimum energy, 283 
of superposition of wave motions, 25, 
216 

Probability distribution functions, for 
electron in box, 59 

for electrons in Heitler-London inter- 
action of two hydrogen atoms, 
318 

for hydrogen atom, angular, 192 
radial, 194/ 


Probability distribution functions, for 
interaction of two harmonic 
oscillators, 228 

for linear harmonic oscillator, 122 
for motion of electron in zero field, 40 
in relation to average kinetic energy, 
203/, 300/ 

in relation to average potential energy, 
203/, 300/ 

in relation to behavior of wave 
packets, 402, 405 

for rigid rotator, with fixed axis, 145 
with free axis (zonal harmonics), 162/ 
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electrons in non-classical region, 
53 

of penetration of electron through 
finite barrier, 65, 67 
Promotion of bond eigenfunctions, 362 

Q 

Quadratic homogeneous functions, 86 
Quadrupole interaction, 221, 232 
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Quantum conditions of Wilson-Sommer- 
feld, 98/ 

Quantum effects, survey of, 4/ 

Quantum number, for angular momen- 
tum, of orbital motion of elec- 
tron, 206 
of rotation, 166/ 
of spin, 279 

azimuthal, 102, 178, 181, 192 
for electron spin, 279 
half integral, 115 
magnetic, 192 
orbital, 279 
radial, 189 

in relation to type of orbit, 102 
rotational, 145, 149, 181, 341/ 
total, 101, 178, 192 
vibration^, 115, 341/ 

Quantum numbers, 99 
and Pauli Exclusion Principle, 279 
in relation to spectral terms, 192 
significance of, 189 

R 

Radial distribution function for hydro- 
gen atom, 194/ 
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Radial equation for hydrogen atom, 
181Jf, 263 

Radial quantum number, 189 
Radiation, electric oscillator, intensities 
of lines in, 393J 

emission of, classical theory of, 385ff 
quantum mechanics theory of, 
392f 

Planck’s law of, 125 
selection rule for, from rotator, 394Jf 
Radioactive disintegration, 70 
Rate of chemical niaction, temperature 
coefficient of, 376 

Recursion formulas, for Hermite poly- 
nomials, 177 

for Legendre polynomials, 397 
Reduced mass, 94, 144, 344 
Reflection coefficient for electrons at 
semi-infinite potential barrier, 
50 
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381# 

Resonance integral (energy), see Ex- 
change integral 
Resonance radiation, 7 
Richtmyer, F. K., 17, 259 
Ritz (variational) method, 283# 
Robinson, C. S., 46 
Rodrigues’ formula, 153 
Rosen, N., 329, 332# 

Rotational energy levels for hydrogen 
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Rotational energy states of diatomic 
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Rotational quantum number, 145, 149, 
341# 

Rotator, angular momentum of, 166 
rigid, with fixed axis, 143# 
with free axis, 146# 
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Rumer, G., 358, 381 
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Rydberg constant, 7, 101, 178, 185, 412 
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8-eigenfunctions, 359 
Scalar product of vectors, 420 
Scalars, 420 

Schroedinger, E., 1, 11, 19, 31, 36, 37, 
177, 240, 260, 284 


Schroedinger equation, corresponds to 
Euler equation in variational 
problem, 284, 287 

derivation of, for one coordinate, 
36# 

foremission of electrons in intense 
fields, 73 

for helium atom, 239, 264 
for interaction of two linear oscillators, 
225 

involving time, 388# 
for linear harmonic oscillator. 111 
in electric field, 225 
for motion of electrons in zero field, 39 
operator method for derivation of, 42 
in orthogonal curvilinear coordinates, 
139# 

orthogonality of solutions of, 62, 121, 
133, 153, 432 

radial, for hydrogen-likc atom, 181, 
263 

in rectangular coordinates, in three di- 
mensions, 137 

for reflection of electrons at semi-in- 
finite potential barriers, 48, 52 
for rigid rotator, 144 
in spherical polar coordinates, 180 
for transmission of electrons through 
finite potential barrier, 63 
for vibrational-rotational states of diar 
tomic molecules, 344 
Screening constant, 290 
Second-order perturbation theory, 245# 
Sectorial harmonics, 160 
Secular equation, 252, 270, 327 
Seitz, F., 201, 285, 299, 318, 329 
Selection rules, for linear harmonic oscil- 
lator, 393 
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